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1.
P R E F A C E
T h e  o b je c t iv e s  of t h i s  s tu d y  a r e  to  e m p h a s i s e  th e  im p o r ta n c e  of 
e x t r a n e o u s  b lood  l o s s  to  th e  p a t ie n t  r e c e iv in g  m a in te n a n c e  
h a e m o d ia ly s i s ;  to  d e m o n s t r a t e  th e  s o u r c e  and  m a g n i tu d e  of th i s  
b lood  lo s s ;  to  d e f in e  th e  b lood  lo s s  c a u s e d  by  s o m e  c o m m o n ly  u s e d  
h a e m o d i a l y s e r s ;  and  to  e x p lo re  th e  r e a s o n s  w hy b lo o d  sh ou ld  
r e m a in  t r a p p e d  w ith in  th e m .
T he  w o rk  c o m m e n c e d  in  1969 w hen I, in  c o n ju n c t io n  w ith  D r .
J ,  F .  D a v id so n  (D e p a r tm e n t  of H a e m a to lo g y ,  G la sg o w  Royal 
I n f i r m a r y ) ,  d e v e lo p e d  a te c h n iq u e  f o r  m e a s u r in g  d i a l y s e r  b lood  l o s s  
w ith  p r e c i s i o n .  T h e  su b se q u e n t  s tu d ie s  d e t e r m in e d  th a t  th r o m b u s  
fo r m a t io n  on th e  d ia ly s i s  m e m b r a n e s  of c e r t a i n  a r t i f i c i a l  k id n e y s  
w as  an  im p o r ta n t  f a c t o r  in  p ro d u c in g  e x c e s s iv e  d i a l y s e r  b lood  
l o s s e s .  It w a s  im p o r ta n t ,  t h e r e f o r e ,  to  s tu d y  th e  m e c h a n i s m  of su ch  
th r o m b u s  fo r m a t io n  in  o r d e r  to  a t te m p t  i t s  e f fe c t iv e  r e d u c t io n .  In 
J a n u a r y  1971 I a t t a in e d  th e  p o s i t io n  of a  R e s e a r c h  F e l lo w  (Ab G a m b ro  
G ra n t ,  U n iv e r s i ty  of G lasgow ) and  c o m m e n c e d  w o rk  in  th e  C o a g u la t io n  
L a b o r a t o r y  ( U n iv e r s i ty  D e p a r tm e n t  of M ed ic in e ,  G la sg o w  Royal 
I n f o r m a r y )  u n d e r  th e  g u id an ce  of D r .  G. P .  M cN ico l  (now P r o f e s s o r  
M cN ico l,  U n iv e r s i ty  of L e e d s ) .  H e r e  I r e c e iv e d  in i t i a l  t r a i n i n g  in 
a s p e c t s  of p l a t e l e t ,  c o a g u la t io n  and  f ib r in o ly t ic  s tu d ie s  an d  a c h ie v e d  
c o m p e te n c e  in  th e  a p p r o p r i a t e  l a b o r a t o r y  m e th o d s  an d  a s s a y s .  T h e  
k now led g e  I g a in e d  w a s  th e n  a p p l ie d  to  th e  s tu d y  of m y  o r ig in a l  
o b je c t iv e s ;  a  t a s k  w h ich  h a s  o c c u p ie d  m y  a t te n t io n  to  th e  p r e s e n t  t i m e .  
T h is  w o rk  w il l  now  be  p r e s e n t e d .
2.
P R E S E N T A T IO N
A s m o s t  of th e  s tu d ie s  h av e  a l r e a d y  b e en  p u b l i s h e d  I h a v e  
c h o se n  to  p r e s e n t  th e m  in  t h e i r  o r ig in a l  f o r m .  W ithout 
e x c e p t io n  t h e s e  p a p e r s  a r e  th e  w o rk  of s e v e r a l  a u t h o r s .  I c an  
a f f i r m ,  h o w e v e r ,  th a t  in  a l l  s tu d ie s  I h av e  p la y e d  a m a j o r  p a r t .  
A s t a t e m e n t  d e ta i l in g  th e  r e a s o n s  why th e  p a r t i c u l a r  s tu d y  w as  
u n d e r ta k e n  and  th e  e x ten t  of m y  p e r s o n a l  c o n t r ib u t io n  
a c c o m p a n ie s  e a c h  p a p e r .  I h a v e  fo llow ed  th e s e  p a p e r s  w ith  
c r i t i c a l  c o m m e n ts  on th e  s ig n i f ic a n c e  of th e  f in d in g s  in  
r e l a t i o n  to  th e  o th e r  p a p e r s  in  t h i s  t h e s i s  and  to  th e  w o rk  of 
o th e r  a u t h o r s .  In  s o m e  c a s e s  a n  acc o u n t  of a d d i t io n a l  w o rk  is  
in c lu d e d .
T h e  t h e s i s  i s  d iv id e d  in to  s e v e n  c h a p t e r s .
C h a p e r s  1 an d  2 fo r m  an  In t ro d u c t io n  to  th e  E x p e r im e n ta l  
W o rk  w h ich  i s  c o m p o s e d  of C h a p e r s  3, 4, 5 and  6, C hapt-er 7 
s u m m a r i s e s  an d  c o n c lu d e s  th e  t h e s i s .  An A p p en d ix ,  w h ich  
c o n ta in s  a  b r i e f  an d  g e n e r a l  d e s c r ip t i o n  of h a e m o d i a l y s e r s  and  
t h e i r  m e m b r a n e s  i s  a d d ed  f o r  th e  r e a d e r  who m a y  be  u n f a m i l i a r  
w ith  c l in ic a l  d i a l y s i s .
A C K N O W LE D G E M E N TS
It i s  a p l e a s u r e  to  a ck n o w led g e  th e  e n th u s i a s t ic  a d v ic e  g iven  to  
m e  by P r o f e s s o r  G. P .  M cN ico l and  D r .  C . R. M. P r e n  t i c e  r e g a r d in g  
th e  h a e m o s ta t i c  s tu d ie s ,  and  a l s o  th e  e x c e l le n t  t e c h n i c a l  a s s i s t a n c e  I 
r e c e iv e d  f r o m  M is s  E .  M a r t in ,  M rs  A. San d i fo rd  an d  M is s  J .  G ran t  
w ith  th e  a p p r o p r i a t e  t e s t s  and  a s s a y s .  D r .  J . F ,  D a v id so n  of th e  
D e p a r tm e n t  of H a e m o to lo g y ,  G lasgow  R oyal I n f i r m a r y ,  gave  m e  
c o n s id e r a b le  h e lp  w ith  th e  b lood  l o s s ,  r a d i o - c h r o m iu m  p la te le t  and  
th e  m e m b r a n e  f lu o r e s c e n c e  s tu d ie s  f o r  w hich  I am  g r a te f u l .  S im i la r ly ,
I th a n k  D r .  W . M .  M u ir  and  D r .  R. W ilk in so n  of th e  B io - e n g in e e r in g  
U nit,  U n iv e r s i ty  of S t r a th c ly d e ,  f o r  t h e i r  h e lp  in  th e  c o n s t r u c t io n  of 
th e  t e s t  c e l l s  and  in th e  p r e p a r a t i o n  of th e  s c a n n in g  e l e c t r o n m i c r o -  
g r a p h s .  T h e  p r o je c t  e n ta i le d  th e  h a e m o d ia ly s e s  of m a n y  p a t ie n t s  
out w ith  th e  n o r m a l  ro u t in e  of th e  R en a l  U nit of t h i s  h o s p i ta l ;  to  a l l  m y  
m e d ic a l  and  n u r s in g  c o l le a g u e s  I o f f e r  a p o lo g ie s  f o r  a n y  in c o n v e n ie n c e  
c a u s e d  and  m y  th a n k s  f o r  t h e i r  k ind  c o - o p e r a t io n .
I m u s t  g ive  th a n k s  to  M r s  B. B u rn ,  M r  P .  K ent and  M r F .  S p ie r s  
f o r  t h e i r  e x c e l le n t  a r t  and  p h o to g ra p h  s e r v i c e  an d  to  M r s  M. L in d sa y .  
M r s  J .  A d a m s ,  M rs  J .  K e n n ed y  an d  M iss  D. B u ch a n a n  f o r  th e  ty p in g  
of m a n u s c r i p t s .
F in a n c ia l  a id  w a s  r e c e iv e d  f r o m  Ab G a m b ro  (L und , Sweden) w hich  
p ro v id e d  te c h n i c a l  a id  an d  l a b o r a t o r y  ru n n in g  e x p e n s e s .  T h is  g ra n t  
a l s o  m a d e  th e  p r o v i s io n  f o r  a  U n iv e r s i ty  R e s e a r c h  F e l lo w s h ip ,  a  p o s t  
w h ich  I h e ld  d u r in g  19 71. T h i s  f in a n c ia l  a id  i s  g r a te f u l ly  ack n o w led g ed .
F in a l ly ,  I w ish  to  r e c o r d  m y  a p p r e c ia t io n  f o r  th e  c o n s ta n t  
e n c o u r a g e m e n t ,  a d v ice  and  h e lp  I h av e  r e c e iv e d  f r o m  P r o f e s s o r  A . C .  
K e n n ed y  in  th e  o v e r a l l  c o n c e p t io n  and  o r g a n i s a t i o n  of t h i s  p ro je c t .
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C H A P T E R  1.
R E G U L A R  D I A L Y S I S  T H E R A P Y
T h e  t e r m  ’d i a l y s i s ’ w a s  f i r s t  co in ed  by  T h o m a s  G ra h a m  in th e  
la te  19th c e n tu r y  w hen  h e  d e s c r ib e d  th e  s e p a r a t io n  of c r y s t a l l o i d s  
and  c o l lo id s  by a  v e g e ta b le  p a r c h m e n t  ’m e m b r a n e ’; th e  c r y s t a l l o i d s  
m o v in g  a c r o s s  th e  p a r c h m e n t  a lo n g  a  c o n c e n t r a t io n  g r a d ie n t  le av in g  
th e  n o n - p e r m e a b l e  c o l lo id  b eh in d  (c i te d  by K e n n ed y , 1973). In i t ia l ly  
G ra h a m  d e m o n s t r a t e d  th e  s e p a r a t io n  of c a n e  s u g a r  an d  gum a r a b ic  
but l a t e r  he  u s e d  u r i n e  w h ich  o v e r  a p e r io d  of t i m e  gave  i t s  
c r y s t a l l o i d  c o n te n t s  to  th e  e x te r n a l  w a te r .  He found  th a t  e v a p o r a t io n  
of t h i s  e x t e r n a l  w a t e r  ’’y ie ld e d  a w h ite  s a l in e  m a s s  w h ich  on 
e x t r a c t i o n  w ith  a lco h o l  g av e  p u r e  u r e a  in  c r y s t a l l i n e  t u f t s ” . With 
u n b e l ie v a b le  f o r e s ig h t  h e  s u g g e s te d  th a t  t h i s  p h e n o m e n o n  m ig h t  h a v e  
a  fu tu r e  m e d ic a l  a p p l ic a t io n .  T he  p r in c ip le  of d i a ly s i s  w a s  f i r s t  put 
in to  p r a c t i c e  w ith  th e  c o n c e p t io n  of th e  a r t i f i c i a l  k id n e y  by  A be l,  
R o w n tre e  an d  T u r n e r  (1914). T h e y  d e v is e d  an  in g e n io u s  m e c h a n is m  
by w h ich  an  a n i m a l ’s b lood  co u ld  be  s u b je c te d  to  d i a ly s i s  o u ts id e  th e  
body and  th e n  r e t u r n e d  to  th e  a n im a l  u n d e r  s t e r i l e  c o n d i t io n s .  T h is  
w as  a c h ie v e d  by  fa s h io n in g  a  s y s te m  of c e l lo id in  tu b e s  in to  a  m an ifo ld - 
ty p e  a p p a r a tu s ;  b lo o d  e n t e r e d  th e  m a n ifo ld  at one end , r e v e r s e d  on 
i t s e l f  and  f lo w ed  out at th e  s a m e  end . A ro u n d  th e  o u ts id e  of th e  
c e l lo id in  tu b e s  c i r c u l a t e d  a  r in s in g  so lu tio n  of 0. 6% so d iu m  c h lo r id e .  
T he  a n t ic o a g u la n t  H iru d in ,  e x t r a c t e d  f ro m  l e e c h e s ,  w a s  u s e d  to  
p re v e n t  c lo t t in g  w ith in  th e  a p p a r a tu s .  U sin g  t h i s  s y s te m  A be l and  h is  
c o l le a g u e s  d e m o n s t r a t e d  th a t  p o is o n s  both  e x o g en o u s  ( e . g .  s a l i c y la te )  
and  en d o g en o u s  ( n o n - p ro te in  n i t r o g e n )  co u ld  be r e m o v e d  f ro m  th e  
b lood  by  d ia ly s i s  and  co in ed  th e  t e r m  " a t r i f i c i a l  k id n e y ” . F r o m  th i s  
t i m e  m a n y  w o r k e r s  b e c a m e  en v o lv ed  in  a t t e m p ts  t o  d e s ig n  a r t i f i c i a l  
k id n e y s  th a t  c o u ld  be u s e d  on h u m a n s  but w e re  d i s c o u r a g e d  by tw o  
m a j o r  d i f f ic u l t i e s .  T h e s e  w e r e  (a) th e  la c k  of a d e p e n d a b le ,  
r e p r o d u c ib le  m e m b r a n e  and  (b) th e  la c k  of a s a f e  an d  r e l i a b l e  
a n t ic o a g u la n t .
T h u s  p r o g r e s s  w a s  c o n s id e r a b ly  d e la y e d  u n t i l  e a r l y  in  th e  19 3 0 ’s 
w hen th e  a n t ic o a g u la n t  H e p a r in  w a s  p u r i f ie d  and  a  c e l l u lo s e  b a s e d  
m e m b r a n e  c a l l e d  C e l lo p h a n e  w a s  o b ta in a b le .  T h a l h i m e r  (1938) w as  
th e  f i r s t  to  u s e  t h e s e  m a t e r i a l s  in  th e  d ia ly s i s  of a z o ta e m ic  dogs but 
it w a s  no t u n t i l  1943 th a t  K o lff  an d  B e r k  (1944) d e v e lo p e d  th e  f i r s t  
c l in ic a l ly  s u c c e s s f u l  h a e m o d i a l y s e r .  W ith  t h i s  m a c h in e ,  t e n  p a t ie n t s  
u n d e rw e n t  h a e m o d i a ly s i s  an d  show ed  a  r e d u c t io n  in  b lo o d  u r e a
n i t r o g e n ,  c r e a t in i n e  an d  u r i c  a c id .  T he  a u th o r s  a l s o  s t a t e d  th a t  
th e  d i a l y s e r  c o u ld  b e  u s e d  to  r e m o v e  c e r t a i n  p o is o n s  f r o m  th e  
b lood  in c lu d in g  s a l i c y l a t e s .  T he  a p p a r a tu s  w a s  a r o ta t i n g - d r u m  
ty p e  a r t i f i c i a l  k id n e y  and  w a s  b ro u g h t  to  th e  U n ited  S ta te s  f ro m  
H o llan d  by  D r .  K olff in  1947. H e soon  p u b l is h e d  a m o r e  c o m p le te  
a cco u n t of th e  s t r u c t u r e ,  t e c h n iq u e  of a p p l ic a t io n  an d  c l in ic a l  
v a lu e  of t h i s  d i a l y s e r ,  t o g e t h e r  w ith  h i s  e x p e r i e n c e  of a d d i t io n a l  
m e th o d s  f o r  t r e a t i n g  u r a e m i a  (Kolff, 1947). F r o m  t h i s  t i m e  
o n w a rd s  t h e r e  h a s  b e e n ,  an d  w il l  co n tin u e  to  b e ,  e n o r m o u s  
r e s e a r c h  in to  d i a l y s e r  d e s ig n .  It i s  not th e  p u r p o s e  of t h i s  t h e s i s  
to  d e s c r i b e  t h i s  in  an y  d e ta i l  o th e r  th a n  to  in d ic a te  s o m e  m i l e ­
s to n e s  in  th e  h i s t o r y  of th e  a r t i f i c i a l  k id n ey  a s  fo l lo w s  : -
1948 : Skeggs  an d  L e o n a r d s  in t r o d u c e d  th e  f i r s t  p a r a l l e l
flow d i a l y s e r  (Skeggs and  L e o n a r d s ,  1948).
1956 : Kolff an d  W a ts c h in g e r  in t r o d u c e d  th e  d i s p o s a b le
"K o lff  tw in  c o i l " .  (Kolff and  W a ts c h in g e r ,  1956).
1960 : In t ro d u c t io n  of th e  K iil  p a r a l l e l  flow d i a l y s e r
d e s ig n e d  by  F r e d e r i c k  K iil  and  m o d if ie d  by  C o le  
e t a l  (1963).
1967 : P r e s t e r i l i s e d  d i s p o s a b le  p a r a l l e l  flow d i a l y s e r s
b e c o m e  a v a i l a b le .  E x a m p le s  of t h e s e  a r e  th e  
R h o n e - P o u le n c  (P u n c h -B  r e t  ano  et a l ,  1969) and  
th e  G a m b ro -A lw e l l  (M a lch e sk y  et a l ,  1971) 
d i a l y s e r s .
1967 : In t h i s  y e a r  th e  f i r s t  h u m a n  h a e m o d i a ly s i s  w a s
co n d u c te d  u s in g  th e  ho llo w  f ib r e  ( c a p i l l a ry )  
a r t i f i c i a l  k id n e y  a f t e r  so m e  t h r e e  to  fo u r  y e a r s  
of a n im a l  e x p e r im e n ta t io n .  T h e  in i t i a l  h u m a n  
r e s u l t s  w e r e  d e s c r i b e d  by S te w a r t  e t a l  (1968).
F o r  f u r t h e r  d e s c r ip t i v e  d e ta i l s  of th e  v a r io u s  t y p e s  of a r t i f i c i a l  
k id n ey  th e  r e a d e r  i s  r e f e r r e d  to  th e  A ppend ix  (page  79 ) an d  to  
t e x t s  su ch  a s  th a t  by B a i le y  (1972).
In th e  19 5 0 ’s t h e r e  w a s  c o n s id e r a b le  g ro w th  of u n i t s  u s in g  
a r t i f i c i a l  k id n e y s  fo r  th e  t r e a t m e n t  of p o te n t ia l ly  r e v e r s i b l e  
a c u te  r e n a l  f a i l u r e  but it  w as  not u n t i l  1960 th a t  th e  d e v e lo p m en t  
of th e  t e f l o n - s i l a s t i c  shunt (Q uinton et a l ,  1960) m a d e  it p o s s ib le  
to  u s e  th e  a r t i f i c i a l  k id n e y  f o r  th e  l o n g - t e r m  r e p e t i t i v e  t r e a t m e n t  
of p a t ie n t s  w ith  i r r e v e r s i b l e  r e n a l  f a i l u r e  ( S c r ib n e r  et a l ,  1960). 
D u r in g  th e  e n su in g  12 -  13 y e a r s  e n o rm o u s  t e c h n i c a l  a d v a n c e s  
h a v e  o c c u r r e d  in  d ia ly s i s  e q u ip m e n t ,  and  r e g u l a r  d i a ly s i s  t h e r a p y  
h a s  ev o lv ed  f ro m  an  e x p e n s iv e ,  r e s e a r c h - t y p e  p r o c e d u r e ,  th ro u g h  
a ro u t in e  fo r m  of t r e a t m e n t  in  h o s p i ta l  d i a ly s i s  c e n t r e s  ( P e n d r a s  
and  E r i c k s o n ,  1966), to  th e  po in t w h e re  t r e a t m e n t  c a n  b e  c a r r i e d  
out o v e rn ig h t  in  th e  h o m e , w ith  bo th  th e  p a t ie n t  a n d  h i s  fa m i ly  
s le e p in g  u n d i s tu r b e d  (B lagg  et a l ,  1970). At th e  s a m e  t i m e  t h e r e  
h a s  b e en  a c o r r e s p o n d in g  p r o g r e s s  in th e  d e v e lo p m e n t  of r e n a l  
t r a n s p l a n t a t i o n  w h ich , a l s o ,  c an  no  lo n g e r  be r e g a r d e d  a s  an  
e x p e r im e n t a l  p r o c e d u r e .  T h u s  th e  p h y s ic ia n  i s  now a b le  to  r e g a r d  
th e  m a n a g e m e n t  of m a n y  p a t i e n t s  w ith  c h ro n ic  r e n a l  f a i l u r e  a s  a 
t h e r a p e u t i c  co n t in u u m  b eg in n in g  w ith  th e  d ia g n o s i s  of p r o g r e s s i v e  
i r r e v e r s i b l e  r e n a l  f a i l u r e  an d  co n tin u in g  th ro u g h  tw o  p h a s e s .  The  
f i r s t  o r  c o n s e r v a t iv e  p h a s e  i s  c h a r a c t e r i s e d  by  e f f o r t s  to  p r e s e r v e  
th e  p a t i e n t ' s  r e m a in in g  k id n e y  fu n c tio n  an d  h e a l th ,  an d  by 
p r e p a r a t i o n  f o r  th e  s e c o n d  o r  d e f in i t iv e  p h a s e .  T h e  l a t t e r  c o n s i s t s  
of th e  in te g r a t io n  of r e g u l a r  d i a ly s i s  t h e r a p y  and  r e n a l  h o m o t r a n s ­
p la n ta t io n ,  so  th a t  th e  p a t ie n t  c a n  r e m a in  w e l l ,  be  a b le  to  w o rk  and  
l iv e  a  l i fe  of r e a s o n a b le  q u a l i ty .
In th e  e a r l y  s t a g e s  of r e g u l a r  d ia ly s i s  t h e r a p y  t h e r e  w e r e ,  
n a tu r a l ly ,  in t e n s e  a r g u m e n t s  in  th e  m e d ic a l  p r e s s  about th e  e th ic s  
and  th e  q u e s t io n  of f in a n c ia l  su p p o r t  of t h i s  f o r m  of t h e r a p y  but 
g r a d u a l ly  it b e c a m e  a p p a r e n t  th a t  it  cou ld  s u s ta in  l i f e  lo n g  a f t e r  
r e n a l  fu n c t io n  h a d  to t a l l y  c e a s e d  an d  by 196 5 th e  C e n t r a l  H e a l th  
D e p a r tm e n t  in  t h i s  c o u n t ry  e x p r e s s e d  th e  v iew  th a t  t h e r e  sh o u ld  be 
a  c o n t r o l l e d  d e v e lo p m e n t  of r e g u l a r  d i a ly s i s .  A n a t io n a l  n e tw o rk  of 
d ia ly s i s  c e n t r e s  on th e  b a s i s  of at l e a s t  one p e r  r e g io n  w a s  
e s t a b l i s h e d  and  t h e r e  a r e  now a p p r o x im a te ly  f o r ty  m a j o r  u n i t s  in 
th e  U n ited  K ingdom  w ith  c o n s id e r a b ly  o v e r  1, 000 p a t i e n t s  w ith  
t e r m i n a l  k id n e y  d i s e a s e  u n d e r  t r e a t m e n t .  S im i l a r  d e v e lo p m e n ts
h a v e  o c c u r r e d  e l s e w h e r e  in  th e  w o rld ;  f o r  e x a m p le  th e  m o s t  r e c e n t  
r e p o r t  of th e  E u r o p e a n  D ia ly s i s  and  T r a n s p la n t  A s s o c ia t io n  in d ic a te s  
th a t  t h e r e  a r e  now 568 c e n t r e s  p ro v id in g  d i a ly s i s  a n d  t r a n s p l a n t a t io n  
f o r  o v e r  18, 000 p a t i e n t s  in  E u r o p e  (G u r lan d  et a l ,  1973), A lthough  
t h e s e  n u m b e r s  s e e m  l a r g e  it  i s  m o s t  u n l ik e ly  th a t  n e p h r o lo g i s t s  a r e ,  
a s  y e t ,  t r e a t i n g  a l l  t h e  p a t i e n t s  w ith  t e r m i n a l  r e n a l  f a i l u r e  who a r e  
l ik e ly  to  b en e f i t  f r o m  s u c h  th e r a p y  w il l  co n tin u e  f o r  so m e  y e a r s .
T he  in d iv id u a l  p a t i e n t s  on r e g u l a r  d ia ly s i s  c a n  e x p ec t  a  r e a s o n a b le  
c h a n c e  of s u rv iv a l ;  th e  l a t e s t  f ig u r e s  f ro m  th e  E u r o p e a n  D ia ly s i s  
and  T r a n s p l a n t  A s s o c ia t io n  show  th a t  a p p r o x im a te ly  70% of h o m e  
d i a ly s i s  an d  50% of h o s p i ta l  d i a ly s i s  p a t ie n t s  s u r v iv e  6 y e a r s  (G u rlan d  
et a l ,  1973). F u r t h e r m o r e ,  th e  q u a l i ty  of l i f e  th a t  t h e s e  p a t ie n t s  
e x p e r ie n c e  i s ,  in  m o s t  c a s e s ,  f a i r l y  s a t i s f a c t o r y .  T h e  t r e a t m e n t ,  at 
l e a t s ,  r e n d e r s  th e  p a t ie n t  fit  enough to  r e t u r n  to  w o rk ,  a g a in  th e  
E u r o p e a n  D ia ly s i s  an d  T r a n s p la n t  A s s o c ia t io n  f i g u r e s  in d ic a te  th a t  
n e a r l y  90% of h o m e  d i a ly s i s  p a t ie n t s  and  70% of h o s p i t a l  d i a ly s i s  
p a t i e n t s  a r e  a b le  t o  r e t u r n  to  w o rk  w ith in  s ix  m o n th s  of th e  s t a r t  of 
t h e r a p y  an d  th a t  only  3. 8% of h o s p i ta l  d i a ly s i s  p a t i e n t s  a r e  u n ab le  
to  c a r e  f o r  t h e m s e l v e s  by  th a t  t i m e  (G u rlan d  et a l ,  T 9 7 3 ) .  H o w ev e r ,  
th e  m o r b i d i ty  r a t e  am o n g  p a t i e n t s  i s  s t i l l  h ig h  and  m e d ic a l  
c o m p l ic a t io n s  su ch  a s  h y p e r te n s io n ,  m y o c a r d ia l  i s c h a e m i a ,  bone 
d i s e a s e ,  n e u ro p a th y ,  p e r i c a r d i t i s  and  v i r a l  h e p a t i t i s  m a y  o c c u r  in 
so m e  in d iv id u a l  p a t ie n t s  ( C u r t i s  et a l ,  19 69; S c r ib n e r  and  B lagg , 1972), 
O ne c o m p l ic a t io n ,  n a m e ly  a n a e m ia ,  i s  a lm o s t  u n i v e r s a l  a m o n g s t  
r e g u l a r  d ia ly s i s  p a t ie n t s  ( C u r t i s  et a l ,  1969; S c r i b n e r  an d  B lagg ,
19 72 ) an d  it i s  a p u r p o s e  of t h i s  t h e s i s  to  c o n s id e r  t h i s  p ro b le m  in  
m o r e  d e ta i l  w ith  a v iew  to  im p r o v in g  th e  w e l lb e in g  of t h e s e  p a t i e n t s .
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T h e  a n a e m ia  of c h ro n ic  r e n a l  f a i lu r e  i s  s e ld o m  c o m p le te ly  
c o r r e c t e d  by  r e g u l a r  d ia ly s i s  t r e a t m e n t .  T h is  a n a e m ia  i s  u s u a l ly  
a s s o c i a t e d  w ith  a  n o r m o c h r o m i c ,  n o rm o c y t ic  b lood  f i lm  an d  is  
b a s i c a l ly  due to  a d e c r e a s e d  r a t e  of e r y t h r o p o i e s i s  a s s o c i a t e d  
w ith  th e  in c o m p le te  c o r r e c t i o n  of th e  u r a e m i c  s y n d r o m e  a f fo rd e d  
by h a e m o d i a ly s i s .  T h e  a n a e m ia  m a y  be a u g m e n te d  and  c o m p l ic a te d  
by th e  d e v e lo p m e n t  of fo l ic  a c id  d e f ic ie n c y ,  i r o n  d e f ic ie n c y  and  
c o n s id e r a b le  b lood  l o s s e s  . A n d ro g e n  t h e r a p y  h a s  b e e n  a d v o c a te d  
a s  a  m e a n s  of i n c r e a s i n g  th e  r a t e  of e r y t h r o p o i e s i s  (R ic h a r d s o n  and 
W e in s te in ,  19 70; Shaldon  et a l ,  1971; D e P a l m a  et a l ,  19 72; P e r r i e r  
e t a l ,  1972) but r e s u l t s  h a v e  not b e en  u n iv e r s a l l y  s u c c e s s f u l  
(M a y e r  and  R o b in so n , 19 71) and  s id e  e f fe c t s  m a y  o c c u r  (R ic h a r d s o n  
and  W e in s te in ,  1970; Shaldon et a l ,  1971; P e r r i e r  et a l  1972). 
B e n e f ic ia l  e f f e c t s  of c o b a l t  in  th e  m a n a g e m e n t  of th e  a n a e m ia  of 
c h ro n ic  r e n a l  d i s e a s e  h a v e  b e en  r e p o r t e d  ( G a r d n e r ,  1953; K a sa n e n  
et a l ,  1963; and  G e i l l ,  1969) but t h i s  t r e a t m e n t  h a s  no t b e en  w ide ly  
u s e d  b e c a u s e  of th e  h igh  in c id e n c e  of g a s t r o - i n t e s t i n a l  s id e  e f fe c t s  
(G a r d n e r ,  1953). B e c a u s e  of t h e s e  s id e  e f f e c t s  e n t e r i c  c o a te d  
co b a lt  ou 8 c h lo r id e  h a s  b e en  g iv en  to  r e g u l a r  d ia ly s i s  p a t ie n t s  w ith  
s o m e  s u c c e s s  (E d w a rd s  and  C u r t i s ,  1971), T h e  m o d e  of a c t io n  of 
co b a lt  in  t h e s e  c i r c u m s t a n c e s  i s  no t c l e a r  but i s  p r e s u m e d  to  
i n c r e a s e  th e  r a t e  of e r y t h r o p o i e s i s .  F o l i c  a c id  d e f ic ie n c y ,  r e s u l t in g  
f ro m  l o s s e s  a c r o s s  th e  d i a l y s e r ,  i s  th e  s im p le s t  of th e  a e t io lo g ic a l  
f a c t o r s  to  d e a l  w ith  ( H a m p e r s  et a l ,  1967) a n d  m o s t  c l in ic i a n s  a r e  
s a t i s f i e d  w ith  r e p l a c e m e n t  t h e r a p y  u s in g  o r a l  fo l ic  a c id  s u p p le m e n ts .  
A c h ie v e m e n t  of p r o p e r  i r o n  b a la n c e  on r e g u l a r  d i a ly s i s  i s  a  m o r e  
c o m p le x  p r o b le m .  P a t i e n t s  w ith  c h ro n ic  r e n a l  f a i l u r e  not on d ia ly s i s  
h a v e  b e e n  show n to  h a v e  bo th  d e c r e a s e d  a b s o r p t io n  of o r a l  i r o n  in to  
e r y t h r o c y t e s  (D ubach  et a l ,  1948; Boddy et a l ,  19 70). T h u s ,  p a t ie n t s  
c o m m e n c in g  r e g u l a r  d i a ly s i s  t r e a t m e n t  do so  w ith  c l e a r l y  
d e m o n s t r a b l e  a b n o r m a l i t i e s  in  i r o n  m e ta b o l i s m .  A c c o rd in g  to  L a w so n  
and  h i s  c o l le a g u e s  (19 71) t h e s e  a b n o r m a l i t i e s  a r e  no t im p r o v e d  by 
r e g u l a r  d ia ly s i s  t r e a t m e n t  a lth o u g h  C o m ty  et a l ,  (1968) h a v e  c la im e d  
th a t  i n c r e a s e d  o r a l  i r o n  a b s o r p t io n  m a y  t a k e  p la c e  a f t e r  th e  
c o m m e n c e m e n t  of d ia ly s i s  in  p a t ie n t s  who a r e  i r o n  d e f ic ie n t ,  and  
E s c h b a c h  et a l  (1967) n o te d  an  im p r o v e m e n t  in  th e  a b i l i ty  to  u t i l i s e
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i r o n  w ith  i n c r e a s i n g  t i m e  a f t e r  b eg in n in g  r e g u l a r  d i a ly s i s  t r e a t m e n t .
O n ce  on th e  d ia ly s i s  p r o g r a m m e  th e  p a t ie n t  h a s  a  r a t e  of l o s s  of i r o n
f r o m  th e  body  s ig n i f ic a n t ly  g r e a t e r  th a n  n o r m a l  c o n t r o l s  and  n o n -
d ia ly s e d  p a t i e n t s  w ith  c h ro n ic  r e n a l  f a i l u r e  (L aw so n  et a l ,  1971) and
t h i s  h a s  b e en  a t t r i b u t e d  to  th e  v o lu m e s  of b lo o d  lo s t  d u r in g
h a e m o d i a ly s i s  (W ill et a l ,  1970; H ocken  and  M arw a h ,  1971; E v a n s  et
a l ,  1967; W rig h t  et a l ,  1968). Such i r o n  l o s s  i s  s u f f ic ie n t  to  c a u s e  a
fa l l  in  th e  h a e m o g lo b in  and  it w ould  a p p e a r  to  b e  a t l e a s t  p a r t i a l l y
r e m e d ia b le ;  H o ck en  and  M arw a h  (1971), f o r  e x a m p le ,  w e r e  a b le  to
r a i s e  th e  m e a n  h a e m o g lo b in  of a  g ro u p  of p a t ie n t s  f r o m  5 g to  9 g /1 0 0
m l .  w ith  th e  u s e  of in t r a v e n o u s  i r o n .  T he  w o rk  of L a w s o n  et a l  (1971)
h o w e v e r ,  w ou ld  su g g e s t  th a t  th e  a d m in i s t r a t i o n  of e i t h e r  o r a l  o r
p a r e n t e r a l  i r o n  i s  u n l ik e ly  to  be w ho lly  s u c c e s s f u l  b e c a u s e  th e y
59c l e a r l y  d e m o n s t r a t e d  in  t h e i r  p a t ie n t s ,  u s in g  t r a c e r  d o s e s  of F e ,  
th a t  th e  a b s o r p t io n  of o r a l  i r o n  r e m a in e d  low and  th e  i n c o r p o r a t io n  
of th e  r a d io a c t iv e  i r o n  in to  th e  e r y th r o c y te s  r e m a i n e d  s u b - n o r m a l .
It i s  c e r t a i n l y  th e  e x p e r i e n c e  of th e  R ena l U nit (G lasgow  R oyal 
I n f o r m a r y )  th a t  th e  u s e  of in t r a v e n o u s  i r o n  d o e s  no t h e lp  th e  m a j o r i t y  
of p a t i e n t s .  It m a y ,  in d e ed ,  be d e t r im e n ta l  by c a u s in g  h a e m o s i d e r o s i s  
(C u r t i s  et a l ,  1969).
T he  p o l ic y  of m a in ta in in g  h a e m o g lo b in  l e v e l s  by g iv ing  r e p e a te d  
b lo o d  t r a n s f u s i o n s  in  a m o u n ts  v a r y in g  f r o m  l e s s  th a n  one un it of 
p a c k e d  c e l l s  to  fo u r  u n i t s  p e r  m o n th  (E sc h b a c h  et a l ,  1967) i s  no 
lo n g e r  a c c e p ta b le  in  r e g u l a r  d ia ly s i s  p a t ie n t s  b e c a u s e  of th e  r i s k s  
of h e p a t i t i s  ( J o n e s  et a l ,  1967; D r u k k e r  et a l ,  1968; B r u n n e r  et a l ,  
1972; R o se n h e im  R e p o r t ,  1972; G u r la n d  et a l  1973) a n d  b e c a u s e  of 
th e  p o s s ib le  d e v e lo p m e n t  of le u c o c y te  a n t ib o d ie s  w h ic h  cou ld  
j e o p a r d i s e  s u b s e q u e n t  r e n a l  t r a n s p l a n t a t i o n  ( B r u n n e r  et a l ,  1972).
C o n s id e r in g  t h e s e  f a c t o r s ,  it i s  obv ious  th a t  if we hope  to  m a in ta in  
a r e a s o n a b le  h a e m o g lo b in  le v e l  m o r e  a t te n t io n  m u s t  be  p a id  to  s o u r c e s  
of b lood  l o s s  f o r  t h e r e  i s  no  doubt th a t  h a e m o d i a ly s i s  c a u s e s  
c o n s id e r a b le  v o lu m e s  of b lood  to  be lo s t  o v e r  , p e r io d s  of t i m e .
H o ck en  an d  M a rw a h  (1971) found th a t  a m in im u m  of 1. 57 l i t r e s  of 
b lood  w e r e  l o s t  p e r  annum  b e c a u s e  of th e  r e s i d u a l  b lo o d  v o lu m e  in
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th e  d i a l y s e r  ( s t a n d a r d  tw o  l a y e r  K ii l  s y s te m )  t o g e t h e r  w ith  th e  
b lood  ta k e n  f r o m  th e  p a t ie n t  fo r  l a b o r a t o r y  in v e s t ig a t io n s  and  th a t  
t h i s  f ig u r e  co u ld  r i s e  to  4. 62 l i t r e s  p e r  annum  if  th e  h ig h  v o lu m e  
of b lo o d  s a m p l in g  d u r in g  th e  p e r io d  of e s t a b l i s h m e n t  on d ia ly s i s  
w e r e  c o n t in u e d .  In t h i s  t h e s i s  I w ish  to  c o n s id e r  th e  s o u r c e s  of 
what i s  e q u iv a len t  to  c h ro n ic  h a e m o r r h a g e  d u r in g  d i a ly s i s  and  to  
d i s c u s s  th e  m e c h a n i s m s  r e s p o n s ib l e  so  th a t  a t t e m p ts  m a y  be m a d e  
to  m in im i s e  t h e m .  In t h i s  c o n n e c t io n  one m a y  r e c o l l e c t  th a t  a  
b lood  l o s s  in  e x c e s s  of 2 -  4 m l .  p e r  day  (730 to  1, 460 m l  p e r  y e a r ) ” 
w ill  l e a d  to  i r o n  d e f ic ie n c y  a n a e m ia  in  an  o th e r w is e  n o r m a l  
in d iv id u a l  u n l e s s  i r o n  a b s o r p t io n  f ro m  th e  gut i s  e x t r e m e l y  
e f f ic ie n t  (M o o re ,  1958),
SOURCES O F  BLOOD LOSS DURING HAEM ODIALYSIS
T h e s e  m a y  b e  e n u m e r a t e d  a s  fo l lo w s  :
(1) B lood  l o s s  f r o m  th e  a r t e r io v e n o u s  shunt o r  f i s tu la  d u r in g  
c o n n e c t io n  an d  d is c o n n e c t io n  of th e  p a t ie n t  to  th e  d i a l y s e r .
(2) B lood  s a m p l e s  t a k e n  f o r  h a e m a to lo g ic a l  and  b io c h e m ic a l  
in v e s t ig a t io n s ,  t o g e t h e r  w ith  th o s e  t a k e n  f o r  v a r i o u s  
r e s e a r c h  p r o j e c t s .
(3) B lood  l o s s  sh ou ld  a  d i a l y s e r  le a k  o r  r u p tu r e  d u r in g  u s e .
(4) T h e  r e s id u a l  b lood  v o lu m e  in th e  d i a l y s e r  an d  i t s  b lood 
l i n e s ,  not r e t u r n e d  to  th e  p a t ie n t ,  a f t e r  e a c h  d i a ly s i s ,
(5) C o in c id e n ta l  b lood  lo s s  ( e . g .  g a s t r o - i n t e s t i n a l  an d  m e n o r r h a g ia ) .
T h e s e  s o u r c e s  m a y  be c o n s id e r e d  in  a  l i t t l e  m o r e  d e ta i l  :
(1) Shunt an d  f i s tu la  b lo o d  l o s s
T he  u s e  of both  th e  a r t e r io v e n o u s  shun t an d  f i s tu la  m a y  be 
a s s o c i a t e d  w ith  th e  l o s s  of c o n s id e r a b le  v o lu m e s  of b lo o d . T h is
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p ro b le m  i s  fu l ly  c o n s id e r e d  in  C h a p t e r  3 ( P a p e r  3).
(2) B lood  s a m p l in g .
H ock en  and  M a rw a h  (1971) s ta t e  th a t  " b io c h e m ic a l  and 
h a e m a to lo g ic a l  in v e s t ig a t io n s  a r e  a  po ten t s o u r c e  of i r o n  d e f ic ie n c y  
in  p a t ie n t s  w ith  c h ro n ic  r e n a l  f a i l u r e " .  T h ey  e s t i m a t e d  th a t  p a t ie n t s  
u n d e rg o in g  s t a b i l i s a t io n  on t h e i r  r e g u l a r  d ia ly s i s  p r o g r a m m e  in 
h o s p i ta l  h a d  b lo o d  s a m p l e s  r e m o v e d / f o r  su ch  in v e s t ig a t io n s  a m o u n tin g  
to  w e ll  o v e r  3 l i t r e s  p e r  a n n u m . T h is  f ig u r e  d o e s  not t a k e  in to  acco u n t 
r e s e a r c h  w o rk  th a t  m a n y  d ia ly s i s  u n i t s  m a y  c a r r y  ou t. It c an  w e ll  be 
a r g u e d  th a t  t h e r e  i s  l i t t l e  n e e d  f o r  ro u t in e  h a e m a to lo g ic a l  and  
b io c h e m ic a l  e s t i m a t i o n s  once  th e  p a t ie n t  i s  s t a b i l i s e d  on d i a ly s i s .  In 
fac t  h o m e  d ia ly s i s  p a t i e n t s  n e e d  u s u a l ly  h a v e  b lood  s a m p le  t a k e n  only  
once  o r  tw ic e  a  y e a r .  T h e r e  a l s o  m a y  be  a c a s e  to  be  m a d e  out f o r  
r a t io n a l i s in g  o u r  r e s e a r c h  so  th a t  no t a l l  u n i t s  a r e  in v e s t ig a t in g  a l l  
a s p e c t s  of r e g u l a r  d i a ly s i s .
(3) D i a l y s e r  r u p tu r e
D i a l y s e r  l e a k a g e  o r  b u r s t in g  i s  r e g r e t t a b l y  s t i l l  a  r e l a t i v e ly
c o m m o n  o c c u r e n c e .  I fe e l  th a t  th e  r e s p o n s ib i l i t y  f o r  t h i s  p ro b le m
r e s t s  m a in ly  w ith  th e  m a n u f a c t u r e r  who m u s t  s t r i v e  to  m a k e  h i s
d i s p o s a b le  d i a l y s e r  " b u r s t - p r o o f " ;  co il  u s e r s  w il l  p ro b a b ly  e n c o u n te r
a b u r s t  r a t e  v a r y in g  b e tw ee n  2 and  7% (M u ir  et a l ,  1970; B u r to n  et
a*l, 1972). H o w e v e r ,  a  good p r e - d i a l y s i s  p r e s s u r e  t e s t i n g  m e th o d
in  th e  d ia ly s i s  un it  sh o u ld  h e lp  to  m in im i s e  l e a k a g e s  o c c u r r i n g
d u r in g  d i a l y s i s .  It i s  d if f icu l t  t o  e s t i m a te  th e  v o lu m e  of b lood  th a t
i s  lo s t  w hen  a  d i a l y s e r  r u p t u r e s  in  u s e .  It c o u ld  a m o u n t t o  a  to t a l
v o lu m e  of th e  d i a l y s e r  and  be in  e x c e s s  of 200 m l .  but i s  u s u a l ly
l e s s  a s  a  s a l in e  w a s h - b a c k  w ill  r e c o v e r  s o m e  of t h i s  b lood . T o
m e a s u r e ,  w ith  p r e c i s i o n ,  th e  v o lu m e  of b lood  so  l o s t  w ould  in vo lve
w h o le -b o d y  m o n i to r in g  of a  p a t ie n t  w h o se  r e d  c e l l s  w e r e  la b e l l e d  
59 51w ith  e i t h e r  F e  o r  C r  b e fo re  and  a f t e r  su ch  a r u p t u r e  h ad  
o c c u r r e d .  T h e r e  w ould  be  s e r i o u s  e th ic a l  p r o b l e m s  w ith  su ch  a 
s tu d y  a s  one  w ould  h av e  to  k e ep  a g ro u p  of p a t i e n t s  l a b e l l e d  
c o n t in u o u s ly  and  aw a it  a  c h a n c e  b u r s t .  A s s u m in g  th a t  200 m l of b lood  
w e re  lo s t  e v e r y  t i m e  a  co il  d i a l y s e r  b u r s t  t h i s  w ould  am o u n t to
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e a c h  p a t ie n t  lo s in g  600 m l .  of b lood  p e r  annum  if  he  w a s  d ia ly s e d  
tw ic e  w e ek ly  on a  c o i l  w ith  a  3% b u r s t  r a t e .
(4) D i a l y s e r  b lood  l o s s
At th e  end of e a c h  d i a ly s i s  it i s  in e v i ta b le  th a t  s o m e  b lood 
r e m a i n s  t r a p p e d  in  th e  d i a l y s e r  an d  i t s  b lood  l i n e s  an d  i s  not 
w a sh e d  b a ck  to  th e  p a t ie n t .  L a w so n  et a l  (1968), W ill e t a l  (1970) 
and  H o ck en  and  M a rw a h  (19 71) h av e  s u g g e s te d  th a t  th e  b lo o d  l o s s  
in  th e  d i a l y s e r  i s  a  m a j o r  s o u r c e  of i ro n  l o s s  to  th e  d i a ly s i s  
p a t ie n t .  W hile  b lo o d  r e q u i r e m e n t s  f o r  b io c h e m ic a l  and  o th e r  
in v e s t ig a t io n s  c an  e a s i ly  be m in im i s e d  b lood  l o s s e s  in  th e  d i a l y s e r  
a r e  m o r e  d if f icu l t  t o  r e d u c e .  T h e  m a j o r i t y  of t h i s  t h e s i s  i s  now 
d ev o ted  t o  th e  c o n s id e r a t io n  of th e  f a c t o r s  r e s p o n s ib l e  f o r  b lood  
r e m a in in g  t r a p p e d  in  th e  d i a l y s e r  an d  th e  s ta g e  i s  s e t  f o r  
c o n s id e r a t i o n  of th e  E x p e r im e n ta l  W ork .
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E X P E R I M E N T A L  W O R K
C h a p t e r  3: BLOOD LOSS DURING HAEM ODIALYSIS
C h a p t e r  4: THROM BUS FO R M A T IO N  DURING
HAEM ODIALYSIS
C h a p t e r  5: THE N A TU R E O F  TH E P L A T E L E T -D IA L Y S IS
M EM BRA N E IN T E R A C T IO N  AND IT S  R O LE IN 
HAEM ODIALYSIS THROM BUS FO R M A T IO N
C h a p t e r  6: TH E R O LE O F  TH E M EM BRA N E SU R FA C E
G E O M E T R Y  ON P L A T E L E T  R E T E N T IO N  AND 
THROM BUS FO R M A T IO N
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C H A P T E R  3 
BLOOD LOSS DURING HAEM ODIALYSIS
In t h i s  C h a p t e r  3 p a p e r s  a r e  p r e s e n t e d .  T h e y  d e s c r i b e  a 
t e c h n iq u e  f o r  th e  m e a s u r e m e n t  of th e  r e s id u a l  b lood  in  d i a l y s e r s .  
T h i s  m e th o d  i s  u s e d  to  e s t i m a t e ,  w ith  p r e c i s i o n ,  th e  b lo o d  l o s s e s  
o b ta in e d  w ith  s o m e  c o m m e r c i a l l y  a v a i la b le  d i a l y s e r s  a n d  th e n  i s  
a d a p te d  to  m e a s u r e  th e  b lood  l o s s e s  e n c o u n te re d  w i th  th e  ro u t in e  
u s e  of a r t e r i o v e n o u s  sh u n ts  a n d  f i s tu la e .  A d i s c u s s io n  of th e  
f a c t o r s  r e s p o n s ib l e  f o r  d i a l y s e r  b lood  l o s s  i s  g iv en .
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P a p e r  1. T h e  m e a s u r e m e n t  of d i a l y s e r  b lood  l o s s  (1973)
C l in ic a l  N e p h ro lo g y  1^ , 1, 24 -  28. R . M, L i n s d a y , J .  A . B u r to n ,  
P .  K ing , J .  F .  D a v id so n ,  K . B oddy and  A. C .  K en n ed y .
P u r p o s e  of in v e s t ig a t io n
O ne m a j o r  p o te n t ia l  s o u r c e  of b lood  l o s s  to  th e  r e g u l a r  d ia ly s i s  
p a t ie n t  i s  b lo o d  t r a p p e d  w ith in  th e  d i a l y s e r  and  no t r e t u r n e d  to  th e  
p a t ie n t  a f t e r  u s e .  D i f f e r e n t  d i a l y s e r s  t e n d  to  t r a p  d i f f e r in g  a m o u n ts  
of b lo o d  an d  it i s  now  a c c e p te d  th a t  m e a s u r e m e n t s  of b lo o d  l o s s  
sh o u ld  b e  in c lu d e d  in  e v a lu a t io n s  of new  d i a l y s e r s .  It i s  im p o r ta n t ,  
t h e r e f o r e ,  th a t  a c c u r a t e  m e th o d s  f o r  t h e s e  m e a s u r e m e n t s  sh o u ld  be 
a v a i l a b le .
T h e  s t a n d a r d  m e th o d  f o r  th e  e s t im a t io n  of d i a l y s e r  b lo o d  l o s s ,  a s
u s e d  by  o th e r  g ro u p s ,  in v o lv ed  th e  .e s t im a tio n  of th e  h a e m o g lo b in
c o n c e n t r a t io n  o r  th e  h a e m a t o c r i t  found  in  l a r g e  know n v o lu m e s  of
f lu id  w a sh e d  th r o u g h  a  d i a l y s e r  a f t e r  u s e  and  th e n  th e  c a lc u la t io n  of
th e  b lo o d  l o s s  f r o m  th e  p a t i e n t ’s own h a e m o g lo b in  o r  h a e m a t o c r i t
v a lu e .  T h i s  m e th o d ,  w h ich  h a d  n e v e r  b e en  e v a lu a te d ,  s e e m e d  to  m e
to  be  s u b je c t  to  i n a c c u r a c i e s .  T h u s ,  in  1969, D r .  J .  F .  D a v id so n  and
51I d e v e lo p e d  a te c h n iq u e  in v o lv in g  th e  C r  la b e l l in g  of p a t i e n t s  r e d  
b lood  c e l l s  an d  th e  c o u n tin g  of d i s m a n t l e d  d i a l y s e r s  in  a l a r g e  w e ll  
s c in t i l l a t io n  c o u n te r  to  e s t i m a t e  d i a l y s e r  b lood  l o s s .  T h i s  we 
c o n s id e r e d  to  be  a c c u r a t e .  At th e  s a m e  t i m e  D r  G . W ill  (W e s te rn  
I n f i r m a r y ,  G lasg o w ) in  c o l l a b o r a t io n  w ith  D r .  K . B oddy  (S co t t ish  
U n i v e r s i t i e s  R e a c to r  C e n t r e )  a l s o  d e v e lo p e d  an  i s o to p ic  te c h n iq u e  
u t i l i s i n g  a  w ho le  body  m o n i to r  to  m e a s u r e  d i a l y s e r  b lo o d  l o s s  w h ich , 
l ik e w is e ,  w a s  c l a i m e d  to  be h ig h ly  a c c u r a t e .  S u r p r i s in g ly ,  t h e r e  w e r e  
d i s c r e p a n c i e s  in  d i a l y s e r  b lo o d  l o s s  v a lu e s  a s  o b ta in e d  by  o u r  and  
D r  W i l l ’s m e th o d .  T h u s ,  t h i s  s tu d y  w a s  u n d e r t a k e n  to  a s c e r t a i n  th e  
a c c u r a c y  of t h e s e  i s o to p ic  m e th o d s  and  of th e  m e th o d  in v o lv in g  
h a e m o g lo b in o m e t r y  in  o r d e r  to  e s t a b l i s h  a  m e th o d  f o r  p r a c t i c a l  u s e .
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The measurment o f diaiyzer blood loss. The measurement o f  
blood loss is important in diaiyzer evaluation and accurate 
m ethods should be available. The com m only used technique 
involving hem oglobinom etry on the saline wash-through volum e  
was evaluated and found to be grossly inaccurate. Techniques 
using ^^Cr labelled red blood cells have been developed by two 
groups and elaimed to be accurate and yet, surprisingly, these 
groups quote widely different figures for the blood loss caused 
by the same diaiyzer. These m ethods were each used to estimate 
a known blood volum e in 13 Ultra-Flo 100 (Travenol) coils. Both  
methods were found to be in agreement and highly accurate. It is 
concluded that the difference in the blood losses reported by the 
separate groups was not a factor o f  errors in the m ethodology o f  
the estimations but rather related to differences in dialysis running 
and wash-back techniques.
Mesure de la déperdition sanguine dans les dialyseurs. La mesure du 
volum e sanguin résiduel après dialyse est importante dans 
l’évaluation d’un dialyseur et des m éthodes de mesure précises 
doivent être utilisées. La technique habituellement em ployée qui 
fait appel au dosage d’hém oglobine pratiqué sur le soluté salin 
utilisé pour le rinçage des dialyseurs a été trouvée très peu précise. 
D es techniques utilisant des globules rouges marqués au Cr^  ^ ont 
été mises au point par deux équipes et considérées com me 
exactes mais, paradoxalement, ces deux équipes obtiennent des 
valeurs très différentes de spoliation sanguine pour le même 
type de dialyseur. Ces techniques ont été utilisées pour l’estima­
tion d’un volum e connu de sang dans 13 bobines U .F . 100 
(Travenol). Les deux m éthodes se sont révélées fournir des 
résultats concordants très précis. O n peut en conclure que les 
différences rapportées par les deux groupes dans l’appréciation 
des spoliations sanguines ne résultent pas d’une erreur dans la 
m éthodologie de la mesure des pertes mais sont dues à des 
différences dans les techniques de dialyse et de restitution du sang.
Das Messen von Blutverlusten in Dialysiergeràte. Das Messen 
von Blutverlusten ist fur die Bewertung eines Dialysiergerâtes 
wichtig und genaue M ethoden sollten zur Verfügung stehen. D ie  
übliche Technik mittels H âm oglobinm essung im W aschwasser 
wurde nachgeprüft und fur sehr ungenau befunden. Techniken  
mittels ^^Cr-markierten Erythrozyten wurden von zwei Forscher- 
gruppen entwickelt und als genau angegeben, jedoch führen diese 
Gruppen überraschenderweise fur den durch das gleiche Dla- 
lysiergeràt hervorgerufenen Blutverlust weit differierende Zahlen  
an. Jede dieser M ethoden wurde angewendet, um ein bekanntes 
Blutvolum en In 13 Ultra-Flo 100 Spulen (Travenol) zu be-
stimmen. Beide M ethoden ergaben übereinstimmende Resultate 
und erwiesen sich als sehr exakt. Es wird daraus geschlossen, dafi 
die differierenden M essungen beider Arbeitsgruppen nicht durch 
die Mefitechnik an sich, sondern durch Unterschiede in Dia- 
lysiertechnik und Rücktransfusion bedingt sind.
The regular dialysis patient remains anemic in 
spite of efficient hemodialysis. In the past hemo­
globin levels were maintained by giving repeated 
blood transfusions in amounts varying from under 
one unit of packed cells to four units per patient 
m onth {Eschbach etal. 1967). M ost dialysis units now 
only transfuse in emergency situations because of the 
known risks of hepatitis {Jones etal. 1967, Drukker et al.
1968, Brunner et al. 1972). If routine blood transfusion 
is to be avoided then all iatrogenic sources of blood 
loss must be minimised. One major potential source 
is blood is trapped within the diaiyzer which is not 
returned to the patient. Different dialyzers tend to 
trap differing amounts o f blood and it is now accepted 
that measurements of blood loss should be included 
in evaluations of new dialyzers. It is important, 
therefore, that accurate methods for these measure­
ments should be available. M ost of the measurements 
in the past have been made by estimating the hem o­
globin concentration or the hematocrit found in 
large known volumes o f fluid washed through the 
diaiyzer after use and then computing the blood loss 
from the patient’s own hemoglobin or hematocrit 
value. Several workers have reported blood losses in 
both coil and Kiil artificial kidneys using this 
method {Evans et al. 1967, Eatel et al. 1967, Nidus etal.
1969, Muth 1969, Hocken and Marwah 1971, von Har- 
titzschetal. 1972, von Hartitzsch a.nd Hoenich 1972). Will 
et al. ( 1970) considered this m ethod to be inaccurate 
and so developed an isotopic technique using either 
^^Cr or ^^Fe labelled red blood cells and a Merlin 
shadow shield whole body m onitor {Boddy 1967) to 
measure the blood loss encountered in coil dialyzers. 
Muir et al. (1970) also employed ^^Cr labelling o f their 
patient’s red cells and a technique involving the 
counting of dismantled dialyzers in a large well 
scintillation counter to estimate the blood loss in a 
coil and in a disposable parallel flow diaiyzer. Both 
these groups of workers chaimed that their isotopic 
techniques were highly accurate and yet, surprisingly.
Lindsay, Burton, King, Davidson, Boddy and Kennedy
they quoted widely differing figures for the blood 
loss caused by the same diaiyzer. Will et al. (l970) 
estimated mean whole blood losses of over 30 ml per 
dialysis with the Ultra-Flo 100 (Travenol) coil while 
Muir et al. (l970) obtained a significantly lower 
(P <0.00l) mean blood loss of 6.6 ml for this diaiyzer. 
This study was undertaken to assess the accurary of 
the above isotopic methods and also of the method 
involving hemoglobinometry.
M ethods
I. Blood loss estimation by Hemoglobinometry
The method usually employed is to circulate 
through the diaiyzer, after the usual wash-back 
procedure, a known volume of fluid, usually 1 litre of 
0.9% saline, for an arbitrary period of time to ensure 
even mixing of the residual blood within the fluid. 
Hemoglobinometry is then undertaken on samples 
of the recirculated fluid and the patient’s own hemo­
globin value is measured. The blood volume in the 
diaiyzer is then calculated as follows:
Diaiyzer blood volume = volume of re­
circulate (ml)
F = hemoglobin concentration in the recirculat­
ing fluid (g/100 ml)
and
P = patient’s hemoglobin concentration (g/100 ml)
W e simplified our study by estimating as accurat­
ely as possible known volumes of blood in I litre of0.9% 
saline. Volumes ranging from 0.5 ml to 25 ml of whole 
blood of known hemoglobin concentration were 
introduced into 10 cans each containing 1 litre 0.9% 
saline. The fluid was mixed thoroughly and 3 samples, 
each of 10 ml, were taken from each can and carefully 
coded. The hemoglobin concentration (g%) of each 
coded sample was then measured in a blind fashion by 
one of us 0 . F.D .), using a Coulter-S counter. Usingthe 
above formula 3 results for the estimated blood volume 
in each can were calculated. Thus, 30 separate estima­
tions of “diaiyzer blood loss” were considered.
U. Blood loss estimation by ^ ^Cr-R.B. C. methods
Twenty mi of fresh blood were taken from a volun­
teer subject and labelled according to the method of 
Dade and Lewis (l% 5)  using 120 pCi ^^Cr. Two ml of 
the final red cell suspension in 0.9% saline were added to
500 ml of out-dated ABO homologous blood in acid 
citrate dextrose. After thorough mixing accurately 
measured volumes of blood (ranging from 3 to 50 ml) 
were introduced into 13 Ultra-Flo 100 (Travenol) coils 
which had previously been primed with 0.9% saline. 
Introduction was achieved by in] ection into the arterial 
line of each coil and washing the bolus of blood into the 
coil w ith afurther small volume ofO.9% saline. The lines 
of each coil were then clamped and the blood volume 
within the coil was estimated separately by the two 
methods described below. The measured volumes of 
blood were introduced separately by one of the 
authors Q .F.D.), who coded each coil, and only after 
the estimations of the blood volume were carried out 
was the code broken and the accuracy o f the methods 
checked.
Method 1:
Radio-activity within the coils was first counted in 
the Merlin shadow shield whole body m onitor {Boddy 
1967). After counting, the coils were washed out with 
0.9% saline and then recounted. The washings were col­
lected in standard cans, made up to a standard volume 
of 4 litres with tap water, and radio-activity again deter­
mined . T o obtain a standard 10 ml of the labelled blood 
was diluted to 4 litres with tap water and was counted 
in the same geometry as the washings. By comparing 
the radio-activity of the “standard” with that of the 
“washings” it was possible to measure accurately the 
amount of blood washed out o f the coil after its initial 
counting. This volume therefore represented the dif­
ference between the first and second coil counts from 
which the total coil blood volume could then be cal­
culated.
Method!:
Having been counted by M ethod 1 each coil was 
completely dismantled and cut into small pieces. The 
fragments were added to the can containing the wash­
ings previously obtained and counting was carried out 
with the can placed in a scintillation counter end-on to 
a sodium iodide crystal 7 cm in diameter X 8 cm in depth 
and surrounded by a lead shield 5 cm thick. The m ethod 
of counting is identical to that used by Watson and 
Dickson (1964) for the estimation of fecal blood loss. 
The “standard can” containing 10 ml of blood in 4 litres 
of 0.9% saline used in M ethod 1 was also counted by 
M ethod 2. The volume of blood in the coil was then 
computed by a comparison w ith the standard.
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Estim ation o f  diaiyzer b lood  loss by h em oglob in om etry: T here are 
3 separate estim ations for each o f  the 10 vo lu m es g iv in g  a total 
o f  30 estim ations for the m easured b lood  vo lu m es.
Results
/, Blood loss estimation by Hemoglobinometry
The 30 blood volumes as measured by hemoglo- 
binometry are shown plotted against the actual volu­
mes in Figure 1. Although there is a significant linear 
relationship between the actual and measured volu­
mes (r = 0.78) the percentage inaccurary of the measur­
ed value is high (fig. 2). There is also considerable varia­
tion in the results of the 3 estimations for each actual 
blood volume (fig. 1).
11. Blood loss estimation by^^Cr-R. B. C. methods
The ac tu al blood volume in each coil together with 
the values as estimated separately by M ethods 1 and 2 
are shown in figure 3. The results indicate that, over a 
range of 3 to 50 ml, diaiyzer blood loss can be estimated 
within ±  0.6 ml and ±  0.8 ml (68% confidence limits) 
using M ethods 1 and 2 respectively. The percentage 
accuracy of M ethod 2 is shown in figure 2.
Discussion
A knowledge of how much blood a patient will 
lose per hemodialysis is im portant because of the 
evidence that these patients may become iron deficient 
which will aggravate their pre-existing normochromic
{Evans et al. 1965, Wright et al. 1968, Will etal. 
l91Q,Hockenda\dMarwah 1971 dosdLawson et al. 1971). 
Measurement of the potential blood loss to the patient 
should, therefore, be included in any evaluation of new 
dialysers. The most commonly used method involves 
hemoglobinometry on the volumes of fluid washed 
through the diaiyzer.
There are three major sources of error in this tech­
nique. Firstly, it assumes that all blood remaining in 
the diaiyzer is washed into solution which is unlikely 
should blood be trapped i n the diaiyzer as part o f throm ­
bus. Secondly, it assumes that it is easy to ensure even 
mixing of a few ml of red blood cells in 1 litre of wash­
out fluid and then to obtain a representative sample for 
measurement; our results clearly show the lack of agree­
m ent among the triplicate results obtained for each 
actual blood volume (fig. l). Thirdly, there is a lack of 
precision in the estimation, by standard hematolo­
gical techniques, of hemoglobin values of 0.25 g% 
(equivalent to 25 ml whole blood with a hemoglobin 
concentration of 10 g% diluted in 1 litre 0.9% saline) 
and less. Considering all these factors it is not sur­
prising that the accuracy of this m ethod is in the order 
of ±  100-500% when attem pting to measure blood 
volumes less than 5 ml and even when volumes of25 ml 
are measured the accuracy is no better than ±  30% 
(fig. 2).
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Percentage error o f  blood loss estimation m ethods with varying 
blood volumes. Each .plot for the hem oglobinom etry m ethod  
represents the mean error o f  the 3 estimations shown in figure 1. 
The plots for the error o f  the ^^Cr-R.B.C. m ethod are those ob­
tained using M ethod 2.
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On the other hand this study demonstrates that 
the use of ^ 'Cr labelled red cells and a suitable counting 
method will allow the stimation of diaiyzer blood loss 
with a high degree of accuracy (fig. 2 and 3). Red cell 
labelling with  ^ Cr is a simple process taking little time 
and has an advantage over Fe in that it can, in vivo, be 
carried out on the day of dialysis whereas some two 
weeks must be allowed for the incorporation of ^ ^Fe 
into the red cell. There is apotential source oferror with 
the chromium technique in that chromium might 
become eluted from the red cells following the labelling 
process {Mollison 1967) and it is known that free ^^Cr 
may become adherent to the dialysis membranes 
[Maher et al. 1965). However, it is unlikely that this 
will cause a significant error as Will and his colleagues 
( 1970) demonstrated similar results for coil blood loss 
estimations using  ^'Cr and ^^Fe. The latter isotope is, of 
course, incoporated into the red cells excluding any 
error due to elution or to a membrane effect. The only 
disadvantages from the use of such isotopic techniques 
are the necessity for good counting equipment and that 
radioisotopes must be given to patients. W e would 
submit, therefore, that such techniques should be limit­
ed to workers engaged in comparative evaluation 
studies.
A further object of this study was to assess the 
isotopic methods used in two separate studies [Will 
etal. \919,Muiret al. 1970) of diaiyzer blood loss which
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counter technique as described by M uir ct al. (1970).
reported widely differing values for the same coil dia­
iyzer. O ur results indicate that there is excellent agree­
m ent between the two methods and, furthermore, that 
both m ethods are highly accurate. It is concluded that 
the difference in the blood losses reported by the se­
parate groups was not a factor of errors in methodology 
but rather related to differences in dialysis running and 
wash-back techniques.
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C O M M E N T
A s in d ic a te d  in  t h i s  p a p e r ,  s e v e r a l  g r o u p s  of w o r k e r s  h a v e
r e p o r t e d  b lo o d  l o s s e s  in  bo th  c o il  and  K iil  a r t i f i c i a l  k id n e y s  by
m e a s u r in g  th e  h a e m a t o c r i t  o r  h a e m o g lo b in  c o n c e n t r a t io n  found
in  l a r g e  v o lu m e  of f lu id  w a sh e d  th ro u g h  th o s e  d i a l y s e r s  a f t e r
u s e  (E v a n s  et a l ,  1967; P a t e l  e t a l ,  1967; M uth an d  W e ll s ,  1969;
von H a r t i t z s c h  e t a l ,  1972). T h e  a c c u r a c y  of su ch  a  te c h n iq u e
is  open  to  q u e s t io n .  T he  te c h n iq u e  o b v io u s ly  a s s u m e s  th a t  a l l
b lood  r e m a in in g  in  th e  d i a l y s e r  i s  w a sh e d  in to  so lu t io n  and even
sh o u ld  t h i s  b e  th e  c a s e  it canno t be e a s y  to  m ix  c o m p le te ly  a few
m l of r e d  c e l l s  in  on e  l i t r e  of w a s h -o u t  f lu id  an d  th e n  to  o b ta in
r e p r e s e n t a t i v e  s a m p l e s  f o r  m e a s u r e m e n t .  W ill an d  h i s  c o l le a g u e s
(1970) d i s c u s s e d  t h i s  t e c h n iq u e  an d  fe l t  t h a t  r e s u l t s  so  o b ta in e d
w e r e  ” so  i n a c c u r a t e  a s  t o  be m e a n i n g le s s " .  N e v e r t h e l e s s  it i s
s t i l l  no t u n c o m m o n  to  s e e  b lood  l o s s  f ig u r e s  d e r iv e d  in  t h i s  w ay
quo ted  to  tw o  d e c im a l  p la c e s ;  f o r  e x a m p le  von H a r t i t z s c h  et a l
(1972) quote  th e  m e a n  b lood  l o s s  in  th e  M eltec  M ult ip o in t
d i a l y s e r  to  be  0. 85 m l .  T h e  r e s u l t s  of o u r  s tu d ie s  show th a t
th e  a c c u r a c y  of th e  te c h n iq u e  of h a e m o g lo b in o m e t r y  i s  in  th e  
+o r d e r  of - 100 - 500% w hen a t t e m p t in g  to  m e a s u r e  b lo o d  v o lu m e s  
l e s s  th a n  5 m l  ( f ig u re  2). T h e  tw o  iso to p ic  t e c h n iq u e s  s tu d ie s ,  
h o w e v e r ,  w e r e  found to  be h ig h ly  a c c u r a t e  an d  in  good  a g r e e m e n t  
w ith  e a c h  o th e r ,  ( f ig u re s  2 and  3). T h e  a c c u r a c y  of t h e s e  
te c h n iq u e s  i s  su ch  th a t  l o s s e s  of o v e r  3 m l ,  c a n  be  e s t i m a t e d
q_
w ith  an  e r r o r  no t m o r e  th a n  -  16% ( f ig u re  2), A s  o u r  m e th o d  
w a s  th e  s i m p l e r  of th e  tw o  iso to p ic  te c h n iq u e s  it  w a s  c h o s e n  f o r  
th e  n ex t  s tu d y  ( P a p e r  2) in  w h ich  th e  b lood  l o s s e s  of d i f f e re n t  
d i a l y s e r s  a r e  e s t i m a te d .
T o  m y  kn o w led g e  t h i s  i s  th e  on ly  p u b l is h e d  w o rk  on th e  
e v a lu a t io n  of m e th o d s  of e s t im a t in g  d i a l y s e r  b lood  l o s s .  Such 
e s t i m a t i o n s  a r e  im p o r ta n t  in  th e  e v a lu a t io n  of new  d i a l y s e r s  
( K e r r ,  1969; G o tch  et a l ,  1972), It i s  m y  v iew , t h e r e f o r e ,  th a t  
u n i t s  en g ag e d  in  c o m p a r a t i v e  e v a lu a t io n  s tu d ie s  sh o u ld  u s e  an  
i s o to p ic  m e th o d  ev en  th o u g h  t h i s  w ill  r e q u i r e  e x p e n s iv e  cou n tin g  
e q u ip m e n t  an d  th e  n e c e s s i t y  of g iv in g  r a d io i s o to p e s  to  p a t i e n t s .
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P a p e r  2. D i a l y s e r  b lo o d  l o s s  (1973)
C l in ic a l  N e p h ro lo g y  1, 2 9 -3 4 .  R. . M. L in d s a y ,  J . A .  B u r to n ,  
N. E d w a rd ,  H . J .  D a r g ie ,  C . R ,  M. P r e n t i c e  an d  A , C . K en n ed y .
P u r p o s e  of I n v e s t ig a t io n
T h e  r e g u l a r  d i a ly s i s  p a t ie n t  r e m a i n s  a n a e m ic  in  s p i te  of 
e f f ic ie n t  h a e m o d i a ly s i s .  A m a j o r  a e t io lo g ic a l  f a c t o r  in  th e  a n a e m ia  
is  b lo o d  l o s s e s  of w h ich  th e  r e s i d u a l  b lood  v o lu m e  of th e  d i a l y s e r  
i s  a n  e x t r e m e l y  im p o r ta n t  p a r t .  T he  b lood  l o s s  c h a r a c t e r i s t i c s  of 
e a c h  d i a l y s e r  sh o u ld  t h e r e f o r e  be in c lu d e d  in  e v a lu a t io n  s tu d ie s .  T he  
p u r p o s e  of t h i s  in v e s t ig a t io n  w a s ,  t h e r e f o r e ,  to  e s t i m a t e ,  w ith  
p r e c i s i o n ,  th e  b lo o d  l o s s  v a lu e s  of s o m e  w ell  know n c o m m e r c i a l l y  
a v a i l a b le  d i a l y s e r s  and  to  t r y  to  a s c e r t a i n  th e  f a c t o r s  r e s p o n s ib l e  
f o r  b lo o d  r e m a in in g  t r a p p e d  in  th e  d i a l y e r s .
P e r s o n a l  C o n t r ib u t io n
T he  s tu d y  w a s  c o n c e iv e d  by  m e .  T h e  la b e l l in g  of p a t i e n t s '  r e d  
b lo o d  c e l l s  an d  th e  b lood  l o s s  e s t i m a t i o n s  w e r e  c a r r i e d  out m a in ly  
by  m y s e l f  and  D r .  J .  A . B u r to n .  We w e r e  h e lp e d  by  D r .  D a r g ie  
and  D r .  E d w a r d  w ith  th e  s u p e r v i s io n  of th e  h a e m o d i a ly s e s  an d  th e  
d i s m a n t l in g  of u s e d  d i a l y s e r s .  I w ro te  th e  p a p e r  w ith  a d v ic e  f ro m  
P r o f e s s o r  A . C .  K en n ed y .
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Diaiyzer blood loss
R. M. L i n d s a y ,J. A. B u r t o n ,  N. E d w a r d ,  H .J . D a r g i e ,  C. R. M. P r e n t i c e  
and A. C. K e n n e d y
University Department of Medicine, Glasgow Royal Infirmary
Diaiyzer blood loss. The regular dialysis patient remains 
anemic in spite o f  efficient hemodialysis. A  major etiological 
feature o f  the anemia is blood losses o f  which the residual 
blood volum e o f  the diaiyzer is an extremely important part. The  
blood loss characteristics o f  each diaiyzer should therefore be 
included in evaluation studies. U sing an accurate technique, 
involving ^^Cr labelled red blood cells, the blood loss values o f  
12 dialyzers were studied. In the majority the blood loss was under 
10 ml. The Gambro-Alwall and the Cordis D o w  hollow  fibre 
dialyzers had excessive blood losses while the Gambro-Lundiaand 
the Extracorporeal EX-03 coil had low  losses. T he roles o f  the 
two factors responsible for diaiyzer blood loss namely machenical 
hold up o f  anticoagulated blood by manifold designs and throm­
bus formation within the diaiyzer are analysed and discussed.
Déperdition sanguine dans les Dialyseurs. Le patient traité par 
dialyse itérative reste anémique en dépit d’une hémodialyse 
efficace. U n des facteurs étiologiques principaux de cette anémie 
est représenté par des spoliations sanguines, dont un élém ent très 
important est la quantité de sang résiduelle dans le dialyseur. 
L’évaluation des caractéristiques d ’un dialyseur devrait ainsi 
comprendre la détermination du volum e sanguin résiduel après 
dialyse. U ne telle mesure a été effectuée pour 12 types de dia­
lyseurs à l'aide d’une m éthode précise faisant appel à des globules 
rouges marqués au ^^Cr. Pour la majorité des dialyseurs le 
volum e sanguin résiduel fut trouvé inférieur à 10 ml. Les dia­
lyseurs Alwall-Gambro et le dialyseurs à fibres capillaires D ow - 
Cordis ont des volum es sanguines résiduels excessifs, les dia­
lyseurs Gambro-Lundia et Extracorporeal EX 03 ont des volumes 
sanguins résiduels particulièrement faibles. Les rôles respectifs des 
deux facteurs responsables de ces spoliations sanguines dans les 
dialyseurs (à savoir la séquestration de sang non coagulé en 
fonction des différents types d’appareils et la constitution de 
thrombi à l’intérieur du dialyseur) sont analysés et discutés.
Blutverlust in das Dialysesystem. Der chronisch dialysierte Patient 
bleibt trotz effektiver Dialyse anamisch. Biner der wesentlichen  
atiologischen Faktoren dgfür sind Blutverluste, wobei das Resi- 
dualblutvolumen des Dialysierapparates eine âufierst wichtige 
Rolle spielt. D ie charakteristischen Eigenschaften hinsichtlich des 
Blutverlustes bei jedem Dialysiergerât sollten deswegen beim  
Erproben m it erfafit werden. M ittels einer exakten Technik unter 
Verwendung von ^^Cr-markierten Erythrozyten wurden die 
Blutverluste bei 12 Dialysiergeraten bestimmt. Bei der Mehrzahl 
der Gerâte lag der Blutverlust unter 10 ml. D ie  »Gambro-Alwall« 
und die Cordis D o w  Hohlfaser-Niere wiesen exzessive Blutver­
luste auf, wâhrend die »Gambro-Lundia«- und die «Extracorporeal 
EX-03* niedrige Blutverluste zeigten. D ie  beiden Hauptursachen 
für den Blutverlust in das Dialysesystem, namlich mechanisches 
Zurückbleiben von nicht koaguliertem Blut sowie Thrombus- 
bildung in der Dialyseapparatur werden analysiert und diskutiert.
The anemia of chronic renal fiaiure is usually 
associated with a normochronic normocytic blood 
film and is due, basically, to impaired erythro- 
poiesis. The anemia is seldom completely corrected 
by regular dialysis treatm ent (R. D .T .); indeed 
R.D .T., per se, may complicate the anemia by caus­
ing folic acid deficiency, iron deficiency and blood 
losses. Folic acid deficiency is readily amenable to 
oral replacement therapy {Hampers etal. 1967) but the 
correction of iron deficiency is more difficult for 
Lawson et al. ( l9 7 l)  have demonstrated that an 
impairment both in the absorption o f oral iron and 
the incorporation of iron into the red cells persists 
even after the institution o f R .D .T . Furthermore, 
once on the dialysis programme, the patient has a 
greater loss of iron than normal controls or non- 
dialyzed patients with chronic renal failure {Lawson 
et al. 1971) because of the volumes of blood lost 
during hemodialysis {Evans et al. 1967, Wright et al. 
1968, Will et al. 1970, Hocken and Marwah 1971). 
Androgen therapy has been advocated as a means of 
stimulating erythropoiesis {Richardson and Weinstein 
1970, Shaldon et al, 1971, De Palma et al. 1972, Perrier 
et al. 1972), but the results have not been universally 
successful {Mayer and Robinson 1971), and unpleasant 
side effects such as priapism may occur {Richardson 
and Weinstein 1970, Shaldon et al. 1971, Perrier et al. 
1972). In the past hemoglobin levels were maintain­
ed by giving repeated blood transfusions, but this is 
contra-indicated by the risks of hepatitis {Jones et al. 
1967, Drukker et al. 1968, Brunner et al. 1972), and the 
increased changes o f early transplant rejection 
{Brunner et al. 1972).
There is no doubt that hemodialysis causes 
considerable volumes of blood to be lost over periods 
of time. Hocken and Marwah ( l9 7 l)  found, for 
example, that their patients could lose 1.57 liters to 
4.62 liters of blood per annum because of the diaiyzer
Lindsay, Burton, Edward, Dargie, Prentice and Kennedy
residual blood volume plus blood taken for labo­
ratory investigations. As diaiyzer blood loss is so 
important a factor in the anemia o f the R.D.T. 
patient the precise blood loss characteristics of each 
type of diaiyzer should be known.
Elsewhere in this issue {Lindsay et al. 1973a) we 
emphasise the inaccuracies of determining diaiyzer 
blood loss by the commonly used technique of 
estimating hemoglobin concentration or hemato­
crit value in wash through fluid, and we demon­
strate the accuracy of radio-isotope techniques {Will 
el al. 1970, M uir et al. 1970). Using a ^^Cr method we 
have measured with precision the blood losses of 
12 well-known dialyzers.
M ethods
Blood loss was measured in 5 coil dialyzers, 
6 parallel flow dialyzers and in the Cordis Dow 
hollow fibre artificial kidney. All the dialyzers studied 
were as supplied for use by the manufacturers, with 
the exception of the Gambro-Alwall with PT 250 
membranes, which was specially prepared for us by 
Ab Gambro (Lund, Sweden). In general, the manu­
facturers’ instructions for use were followed as closely 
as possible, but minor adjustments were made to 
heparinisation dosage and wash-back techniques in 
the light of previous experience, where this was 
thought to improve the blood loss characteristics.
W ith the exception of the W atson-Marlow Kiil 
diaiyzer which was studied by one of us (N .E .) in
another unit, all the dialyses were carried out in the 
same unit, by the same staff. Details of the individual 
dialyzers studied, their numbers, heparinisation 
regime and wash-back techniques are given in table 1.
Wash-back technique
The wash-back technique varied with the diaiyzer 
used, but was standard for each type of diaiyzer. The 
basic m ethod was as follows: At the end of dialysis the 
arterial line was disconnected and the blood in the line 
allowed to enter the diaiyzer. The blood was then push­
ed through the diaiyzer w ith 0.9% saline at a blood flow 
rate o f200 ml/minute, with the minimum venous back 
pressure possible. N o changes were made to the dia- 
lysate negative pressure.
During the wash-back the coils were removed 
from the inflatable cuffs or plastic containers, and 
shaken to facilitate drainage of blood. The wash-back 
was terminated when the venous line no longer con­
tained visible blood.
W  ash-back of parallel flow dialyzers was conduct­
ed with the venous end o f the diaiyzer below the arterial 
end. The Ab Gambro dialyzers were originally po­
sitioned at a 45° angle for 30 minutes before the end of 
dialysis, and latterly were kept in the vertical position. 
All other parallel flow dialyzers were placed in the 
vertical position before was-back. The Rhone Pou­
lenc diaiyzer was allowed to drain by gravity only, no 
saline entering the circuit. The Gambro-Lundia was 
washed through with 300 ml 0.9% saline, followed by 
air, pum ped at the rate of 200 ml/minute. A 400 ml
Table I
Det:iils o f  dialyzers, anticoagulation regimes, was-back techniques and blood loss values.
Diaiyzer Membrane Num ber W  ash-back Heparin
Start
(units)^
Maintenance 
per hour
Blood loss 
( m l±  S .D .)
Parallel W atson-Marlow Kiil PT 150 18 400 ml 5% dextrose 5,000 1,500-2,000 1 1 ± 7
Flow Cobe Mini Kiil PT 150 6 400 ml 0.9% saline 2,000 2,000 6 +  2
Rhone Poulenc PT 150 10 Gravity return 2,000 2,000 6 + 3
Gambro-Alwall PT 325 18 1,000 ml 0.9% saline 4,000 4,000 3 6 ± 4
Gambro-Alwalk PT 250 8 1,000 ml 0.9% saline 4,000 4,000 1 6 + 6
Gambro-Lundia PT 250 6 300 ml 0.9% saline +  air 10,000 2,000 (after 
3rd hour)
4 + 1
Coils Ultra-Flo 100 PT 150 5 0.9% saline 2,000 1,500-2,000 7 + 1
Ultra-Flo 100 PT 300 10 0.9% saline Approx 2,000 1,500-2,000 7 + 1
Ultra-Flo 145 PT 300 6 0.9% saline 400 mis 2,000 1,500-2,000 5 +  2
Avon R70 PT 150 5 0.9% saline 2,000 1,500-2,000 7 +  2
EX-03 PT 150 9 0.9% saline 300-400 ml 2,000 1,500-2,000 4 ± 2
H ollow Cordis D ow Regenerated 7 0.9% saline 500 ml 10,000 2,000 (after 2 0 ± 1 0
Fibre cellulose fibres 3rd hour)
W eddcl Pharmaceuticals Ltd. 100 units is equivalent to 1 mg,  ^ N o t commercially available w ith PT 250 membranes.
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saline; p lots are m ean values from 4 dialysers in w hich  throm bus  
form ation has occurred.
volume of 5% dextrose was used for the W atson-Mar­
low Kiil which was placed at an angle of 60°, and the 
procedure terminated whether or not blood was visible 
in the venous line.
Wash-back of the Cordis Dow hollow fibre kid­
ney was terminated after rinsing with 300 ml 0.9% 
saline. On four occasions further volumes of 0.9% 
saline were flushed through a diaiyzer after discon­
nection of the venous line from the patient, the 
effluent being collected in 4 liter cans, in order to 
assess the influence of the wash-back volume upon 
the diaiyzer blood loss.
wash-back volume is shown in figure 1 and thrombus 
formation within many of the fibres of the diaiyzer in 
figure 2. Figure 3 shows the considerable thrombus 
formation upon the Cuprophan PT 325 membranes 
of a Gambro-Alwall diaiyzer after use, figure 4 is a 
scanning electronmicrograph demonstrating fibrin 
strands trapping red cells on such PT 325 mem­
branes, and figure 5 shows the lessened thrombus 
formation upon Cuprophan PT 250 membranes from 
a Gambro-Alwall diaiyzer.
D iscussion
Examination of the results shows that in the 
majority of dialyzers the blood loss per dialysis is under 
10 ml. This figure, however, still represents an annual 
blood loss to the patient in excess of 1 liter on the 
basis of 2 dialyses per week. It would also appear that 
coil dialyzers on the whole tend to be associated with 
slightly lower blood losses than parallel flow dia­
lyzers. Two commercially available disposable dia­
lyzers are seen to have what we would term exces­
sively high blood losses. These are the original 
Gambro-Alwall diaiyzer (Ab Gambro, Lund, Swe­
den), now obsolescent, and the Cordis Dow hollow 
fibre kidney. The regular use of either of these 
dialyzers will result in annual blood losses of over 3 V2 
and 2 liters respectively assuming only twice weekly 
dialyses.
Such variation in the blood loss characteristics 
of dialyzers leads to a consideration of the factors 
responsible for blood trapping within them. Firstly, 
manifold designs may cause mechanical hold-up of 
anticoagulated blood. Each diaiyzer design will have 
its own particular problems which may be largely
technique for blood loss measurement
Details of the technique and of its accuracy 
have been given elsewhere {Muir et al. 1970, Lindsay 
et al. 1973a).
Other procedures
Each diaiyzer was examined after use for the 
presence of thrombus and scanning electronmicro- 
graphs were made of membrane surfaces.
Results
The blood loss values for the dialyzers tested are 
given in table 1. The relationship between the blood 
loss of the Cordis Dow hollow fibre diaiyzer and the
%.2
A dism antled C ordis D o w  h o llo w  fibre diaiyzer after use. T h rom ­
bus is seen w ithin  m any o f  the fibres.
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Considerable thrombus formation upon the Cuprophan PT 325 
membranes of a Gambro-Alwall diaiyzer after use.
overcome by an efficient wash-back technique. Cole 
et al. (1962) found that they were able to reduce 
considerably the blood loss in the standard Kiil from 
over 100 ml per dialysis by conducting the wash-back 
with the diaiyzer vertical and venous end lowermost; 
attempting to wash-back with the diaiyzer horizontal 
was associated with a return of plasma while most of 
the red cells remained in the diaiyzer. These workers 
also found that this reduction in diaiyzer blood loss 
resulted in a fall of transfusion requirements from 
5 to 2.5 units per patient per month. Using a complex 
double wash-back technique Colt and his colleagues 
( 1963) w ere later able to reduce the blood loss of the 
Kiil to 35 ml. pA ans et al. ( 1967) found the blood loss 
of this diaiyzer to be 12.6 ml when the diaiyzer was run 
in the vertical position for the last half hour of dia­
lysis and kept so during the wash-back procedure. 
They considered that one factor in this further 
lowering of the blood loss was the improved quality 
of manufacture of Kiil dialyzers. The figure quoted by 
El am et al. ( 1967) is in agreement with our results 
(Table l). If77/ it al. (l970) found that blood loss 
could be reduced in the Ultra-Flo 100 (Travenol) coil 
by removing the coil from its container and placing 
it on its side during the wash-back procedure. They 
also noted that a further reduction in blood loss could 
be obtained by using 5% dextrose as wash-back fluid 
in place of 0.9% saline. They were unable, however, 
to offer any explanation for this latter finding. 
Ghatamian tt al. (l972) confirmed that the blood loss 
in coil dialyzers could be reduced by running the coil 
in the horizontal position while Nidus et al. (1969) 
reduced their coil blood losses to under 5 ml by using 
a combined saline and air blow out technique. There 
is no doubt that different operational and wash-back 
procedures will influence the volume of blood left in
some dialyzers. For example, the two groups {Will 
et al. 1970, Muir et al. 1970) who separately developed 
the radio-chromium techniques for diaiyzer blood 
loss estimation, surprisingly quoted widely differing 
values of 31 ml and 6.6 ml respectively for the blood 
loss of the Ultra-Flo 100 (Travenol) coil. W e {Lindsay 
et al. 1973 a) have found both methods of blood loss 
estimation to be in agreement and highly accurate 
and, therefore, conclude that the difference in the 
reported blood losses is a factor of differences in dia­
lysis running and wash-back techniques rather than 
errors in the methods of estimation.
The second factor responsible for diaiyzer blood 
loss is the development of thrombus on the dia­
lysis membranes. If the Gambro-Alwall diaiyzer is 
dismantled after use variable amounts of thrombus 
are found partially adherent to the dialysis mem­
branes (Fig. 3). The use of a scanning electron micro­
scope demonstrates fibrin-like strands trapping red 
blood cells (Fig.4). Further studies have confirmed 
that these strands are fibrin and that this thrombus 
formation is associated with changes in the hemo­
static status of the patient over the course of a 
dialysis {Lindsay et al. 1972). Muir et al. (l970) 
have already attributed the high blood loss of 
this diaiyzer to thrombus formation occurring on the 
dialysis membranes. In our experience a variable 
percentage of the hollow fibres of the Cordis Dow 
artificial kidney, which is of novel design, may also 
contain a considerable quantity of thrombus (Fig.2) 
and, we (Table l)  and others {Mohring et al. 1972, 
Bosch et al. 1972, von Hartitzsch et al. 1972) have found, 
in consequence, a rather variable but undesirably 
high blood loss with its use. The other commercially
Fig. 4
Scanning electronmicrograph (magnification X 2,000) demonstrat­
ing fibrin strands trapping red blood cells on the surface o f  
Cuprophan PT 325 membranes o f a Gambro-Alwall diaiyzer after
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available dialyzers which were studied, did not have 
any significant amounts of thrombus on their mem­
branes after use and were associated with much lower 
blood losses (Table l). If much thrombus formation 
has taken place within the diaiyzer our experience 
with the Cordis Dow (Fig. l)  would suggest the dia­
iyzer blood loss is unlikely to be influenced to any 
extent by either the technique or the volume of the 
wash-back.
W e have discussed the causes of thrombus for­
mation on dialysis membranes elsewhere {Lindsay 
and Kennedy 1972). In brief, we have found that 
interaction between platelets and the dialysis mem­
brane is an important early step in a reaction which 
may proceed to thrombus formation even in the 
presence of heparin. An in-vitro method to study the 
reaction between platelets and dialysis membranes 
has been developed and this may also be used to 
compare directly the platelet retaining properties of 
different dialysis membranes {Lindsay et al. 1973b). 
Using this technique we found that fewer platelets 
adhere to Cuprophan (J. P. Bemberg) PT 250 mem­
branes than to PT 325 membranes {Lindsay etal. 1972, 
unpublished results). W ith the co-operation of Ab 
Gambro (Lund, Sweden) Gambro-Alwall dialyzers 
containing PT 250 membranes were prepared and 
these were found to have less thrombus formation 
(Fig.5) than those containing PT 325 membranes 
(Fig. 3) and consequently a lower blood loss (Table l).
The linear velocity of blood travelling across the 
membrane surface may also influence thrombus for­
mation upon that surface. Muir (personal com­
munication) found that throm bus formation, in spite 
of heparinisation, would occur on cellulose-based 
membranes within the Ross-Muir diaiyzer {Muir 
1971) if the linear blood velocity remained below 
5 cm/sec. for any period of time. He and his colleagues 
(l970) suggested that a low linear blood velocity was 
the cause of the thrombus formation occurring within 
the Gambro-Alwall diaiyzer. W e now doubt this for 
the linear velocity of blood passing through other 
parallel-flow dialyzers, e.g. the Kiil, Rhone-Poulenc, 
Cobe and Gambro-Lundia, is also under 5 cm/sec. 
during clinical use and these dialyzers do not have a 
problem with in vivo thrombus formation. However, 
the linear blood velocity may be of secondary 
importance in a situation where the dialysis mem­
branes are retaining many platelets, a slow velocity 
encouraging thrombus formation, as in the Gambro- 
Alwall diaiyzer, while a high velocity is protective, 
as with coil dialyzers.
In conclusion, we must again stress that blood 
loss is important to the regular dialysis patient and 
that the contribution of diaiyzer blood loss is often 
not appreciated. Regular use of a high blood loss
R eduction in throm bus form ation w hen  C uprophan PT 250 
m em branes are used in a G am bro-A lw all dialyser.
diaiyzer may lead to annual blood losses of over 
3^2  litres per annum while the use of low blood loss 
dialyzers can reduce this loss to under 0.5 litres. W e 
suggest that clinicians and manufacturers should bear 
the potential blood loss in mind; the former by 
developing optimum wash-back techniques and the 
latter by considering the thrombogenicity of mate­
rials used in dialyzers and also the design of the 
diaiyzer manifolding which should allow efficient 
wash-back with a minimum volume of fluid. Finally, 
we suggest that any clinical unit doing basic evalua­
tion work on dialyzers should, in addition to deter­
mining clearance and ultrafiltration characteristics, 
measure the blood loss accurately and, if found to be 
high, try to establish the reasons.
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ADDENDA TO P A P E R  2
(1) It sh o u ld  be  a p p r e c i a t e d  th a t  th e  b lood  l o s s  v a lu e s  g iven  in 
t h i s  in v e s t ig a t io n  r e p r e s e n t  a  r e d  c e l l  l o s s  e q u iv a le n t  to  th e  
w ho le  b lo o d  v o lu m e  in  th e  p a t ie n t .  It i s  l ik e ly  th a t  w ith  
t h r o m b u s  f o r m a t io n  a  m a s s  of r e d  c e l l s  w ill  be  le f t  on th e  
d ia ly s i s  m e m b r a n e  w h ile  m u c h  of th e  p l a s m a  h a s  b een  
r e t u r n e d  to  th e  p a t ie n t .
(2) F i g u r e  3 (page 6) h a s  b e e n  r e p r o d u c e d  u p s id e - d o w n .
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C O M M E N T
T h i s  s tu d y  d e m o n s t r a t e s  th a t  th e  m a jo r i t y  of d i a l y s e r s  c a u s e
a b lood  l o s s  of u n d e r  10 m l  p e r  d ia ly s i s .  T h i s  f ig u r e ,  p e r  s e ,  s e e m s
s m a l l  but it m u s t  be  a p p r e c i a t e d  th a t  th e  r e g u l a r  d i a ly s i s  p a t ie n t  w ill
be r e c e iv in g  a t l e a s t  tw o  and  m o r e  p ro b a b ly  t h r e e  d ia ly s e s  p e r  w eek .
T h u s ,  th e  f ig u r e  m a y  r e p r e s e n t  an  an n u a l  b lood  l o s s  of 1, 5 L .  T he
s tu d y  a l s o  d e m o n s t r a t e s  th a t  s o m e  d i a l y s e r s  m a y  c a u s e  an  ev en
g r e a t e r  b lo o d  l o s s  e , g, th e  u s e  of th e  G a m b ro -A lw a l l  t h r e e  t i m e s  a
w eek  w ould  l e a d  to  a  m e a n  a n n u a l  b lood  l o s s  of o v e r  10 L; a l o s s
w h ich  w ould  s u r e l y  r e n d e r  th e  m o s t  h e a l th y  su b je c t  a n a e m ic .  T h e
in v e s t ig a t io n  i s  one of tw o  p u b l i s h e d  w o rk s  d e v o ted  e n t i r e l y  to  th e
b lood  l o s s  c h a r a c t e r i s t i c s  of v a r i o u s  d i a l y s e r s  u s in g  an  a c c u r a t e
m e th o d o lo g y .  T h e  o th e r  p a p e r  i s  th a t  of E n g e r  and  H a lv o r s e n  (1972)
51who e x a m in e d  fo u r  d i a l y s e r s  in  v i t r o  u s in g  C r  l a b e l l e d  r e d  c e l l s  
in  bank  b lo o d . T h e i r  i s o to p e  co u n tin g  te c h n iq u e  w a s  v i r t u a l l y  
id e n t ic a l  t o  o u r s  and  w as  d e v e lo p e d  a f t e r  o u r  in i t i a l  p u b l ic a t io n  on 
th e  b lood  l o s s  of th e  G a m b ro -A lw a l l  d i a l y s e r  (M u ir  e t a l ,  1970) and  
a f t e r  p e r s o n a l  c o m m u n ic a t io n  b e tw ee n  D r  E n g e r  an d  m y s e l f .  D r .
E n g e r  and  h i s  c o l le a g u e  d id  n o t ,  h o w e v e r ,  c a r r y  out an y  in  v ivo  
s tu d ie s  and , t h u s ,  w e re  not a b le  to  c o n s id e r  th e  f a c t o r s  r e s p o n s ib le  
f o r  d i a l y s e r  b lood  l o s s .  M u ir  (1971) and  M u ir  an d  M a r t in  (1971) h av e  
ta b u la te d  b lo o d  l o s s  v a lu e s  f o r  v a r i o u s  d i a l y s e r s  in  tw o  g e n e r a l  
a r t i c l e s  on a r i t i f i c i a l  k id n e y s ;  t h e i r  s o u r c e s  of in f o r m a t io n  w e re  
v a r i e d  (and  in c lu d e d  p r iv a t e  c o m m u n ic a t io n s  f r o m  m y s e l f )  a s  w e re  
th e  m e th o d s  of b lo o d  l o s s  e s t im a t io n .
T h i s  p a p e r  i s ,  t o  m y  b e l ie f ,  th e  only  one w h ich  h a s  c o n s id e r e d  th e  
tw o  f a c t o r s  r e s p o n s ib l e  f o r  b lood  t r a p p in g  in  d i a l y s e r s ,  n a m e ly  (1) 
m e c h a n ic a l  h o ld -u p  of a n t ic o a g u la te d  b lood  and  (2) th r o m b u s  
f o r m a t io n  upon  d i a ly s i s  m e m b r a n e s .  W ith r e g a r d  to  th e  l a t t e r  f a c to r ,  
th e  D i s c u s s i o n  s e c t io n  of t h i s  p a p e r  r e f e r s  to  w o rk  th a t  w ill  be 
p r e s e n t e d  in  d e ta i l  l a t e r  in  t h i s  t h e s i s .
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P a p e r  2 A d d it io n a l  Study
T h e  d i a l y s e r  b lood  l o s s  v a lu e s  p r e s e n te d  in  p a p e r  2 d id  not 
in c lu d e  th e  v o lu m e  of b lood  le f t  in th e  v a r io u s  a r t e r i a l  an d  v e n o u s  
b lood  l in e s .  D u r in g  th e  c o u r s e  of so m e  of t h e s e  e s t i m a t i o n s  th e  
b lood  l in e s  w e re  a l s o  ta k e n  a f t e r  u s e ,  cut in to  s m a l l  p i e c e s ,  and  
p la c e d  in to  c a n s  c o n ta in  g 4 L  ta p  w a te r  and s e a le d .  T h e s e  c a n s  
w e r e  id e n t ic a l  to  th o s e  in w hich  th e  d i s m a n t le d  d i a l y s e r s  w e re  
p la c e d  and  to  t h o s e  c o n ta in in g  th e  a p p r o p r ia t e  s t a n d a r d s .  C o u n tin g  
w as  c a r r i e d  out a s  p r e v io u s ly  and  th e  m e a n  b lood  l in e  b lood  l o s s e s  
e s t i m a te d .  T h e s e  a r e  p r e s e n t e d  in T a b le  1 and  show  th a t  th e  l in e s  
c a u s e  a  f u r t h e r  2 - 3  m l  b lood  l o s s  to  th e  p a t ie n t  e a c h  d ia ly s i s .
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P a p e r  3 B lood  l o s s  f ro m  c a n n u la t io n  s i t e s  d u r in g  h a e m o d ia ly s i s
(1972)
S c o t t ish  M e d ic a l  J o u r n a l ,  17: 266 - 269, R. M, L in d s a y  & J . A .  B u r to n
P u r p o s e  of in v e s t ig a t io n
D u r in g  th e  c o u r s e  of o u r  s tu d ie s  on d i a l y s e r  b lo o d  l o s s  it 
o c c u r r e d  to  m e  th a t  we c o u ld  ap p ly  o u r  r a d io - c h r o m iu m  r e d  c e l l  
te c h n iq u e  to  th e  m e a s u r e m e n t  of th e  b lood  l o s s e s  o c c u r r i n g  f ro m  
S c r ib n e r  s h u n ts  and  a r t e r io v e n o u s  f i s tu la e  d u r in g  ro u t in e  d ia ly s i s  
a s  t h i s  w a s  o b v io u s ly  a n o th e r  s o u r c e  of b lood  l o s s  t o  o u r  p a t i e n t s .
P e r s o n a l  C o n t r ib u t io n
T h e  s tu d y  w a s  u n d e r t a k e n  a t m y  s u g g e s t io n .  T h e  w o rk  an d  th e  
w r i t in g  of th e  p a p e r  w a s  s h a r e d  w ith  D r  J .  A. B u r to n .
Scot. ined. J . ,  1972, 17: 266
BLOOD LOSS FROM CANNULATION SITES DURING HAEMODIALYSIS
R. M. Lindsay and J. A, Burton 
University Department of Medicine, Glasgow Royal Infirmary
Summary. The importance o f  reducing blood loss from  any source in patients 
on regular dialysis treatment is generally recognised. This minimises blood trans­
fusion requirements, and the consequent risks o f serum hepatitis. Blood loss 
occurring from Scribner shunts and arteriovenous fistulae during routine dialysis 
has been measured. The blood loss from this source has been estimated as I to 2 
litres per annum, and this may exceed the loss due to residual blood trapped in coil 
dialysers. The risks to the patients and staff due to this source o f  blood loss are 
emphasised.
I T is generally recognised tliat all external sources of blood loss in patients under­
going regular dialysis treatment should be 
minimised. Such losses may aggravate the 
pre-existing normochromic anaemia, which 
persists in spite of efficient haemodialysis, 
by producing iron deficiency (Shaldon, 1966; 
Lawson, et al., 1968; Will et a l, 1970; 
Hocken & Marwah, 1971). Furthermore, 
blood transfusion is undesirable in this 
group of patients because of the risks of 
hepatitis (Drukker et ah, 1968). The causes 
of blood loss during dialysis can be listed 
as follows; that occurring during patient 
connection and disconnection to the dialyser, 
by arteriovenous shunt or fistula; that 
volume o f blood removed for biochemical 
and liaematological investigations; that 
volume trapped in the dialyser and not 
returned to the patient during ‘wash-back’; 
and that lost by technical mishaps such as 
dialyser rupture. Most renal units are 
aware of the residual blood volume of dia­
lysers and the need for a careful ‘wash-back’ 
technique. We ourselves have recently com­
pleted a study in wliich we measured the 
residual blood volume of a number of different 
dialysers (Lindsay et al., 1972a). Will et al. 
(1970) and Hocken and Marwah (1971) 
separately refer to blood removal for in­
vestigations as being a major source of blood 
loss. A  ruptured dialyser can cause a con­
siderable degree of blood loss to the patient 
but this may often be avoided by careful 
pressure testing before the dialysis is com­
menced. The role of the arteriovenous shunt 
or fistula in causing blood loss lias not been
fully considered. Oozing of blood from the 
exit sites of newly created shunts has been 
noted (Shaldon, 1966; Salaman, 1971) and 
the occasional accidental shunt separation 
can lead to a considerable blood loss (Kdsken 
et al., 1968). Bleeding from the cannulation 
sites of an arteriovenous fistula has been 
occasionally encountered both during dialysis 
(Eisinger et al., 1969) and after dialysis 
(Patel et a l ,  1968). The exact volume of 
blood routinely lost during uncomplicated 
dialysis using an arteriovenous shunt or 
fistula has not, however, been recorded, 
although Slialdon (1971) included losses 
from cannulation sites when calculating 
total blood loss from children on home 
dialysis. This we studied as we had the 
impression that the cannulation of arterio­
venous fistulae might lead to greater blood 
loss than the use of shunts.
PATIENTS AND METHODS
Nine regular dialysis patients were studied, 7 of whom 
had subcutaneous Cimino-Brescia arteriovenous 
fistulae (Fig. 1) and 2 had external Quinton-Scribner 
shunts (Saf“T, Extracorporeal Medical Specialties 
Inc.) (Fig. 2). The fistulae were cannulated under 
local anaesthesia using 14 gauge plastic cannulae 
(Bardic) for the dialyser ‘venous’ return and 14 
guage stainless steel hollow needles (Baxter) for the 
‘arterial’ supply. The cannulations were performed 
by the medical staff, while shunt connection and 
disconnection was carried out by the nursing 
staff according to the routine methods used in 
our unit. Dialyses were performed for 10 hours 
using coil dialysers (Ultra-Flo 100, Travenol, or 
EX-03, Extracorporeal Medical Specialties Inc.) and 
anticoagulation was achieved by the intermittent 
administration of 2,000 units of heparin (Weddel 
Pharmaceuticals Ltd.) per hour. None of the patients 
was on oral anticoagulants and protamine sulphate 
was not given at the end of dialysis. The blood lost 
during the course of dialysis was measured as follows ;
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Table I. Mean blood loss in ml. ( i  standard deviation) from shunts and fistulae during routine dialysis.
Blood loss (ml)
Period of study Shunt Fistula
Dialysis commencement 4.3 i 2 . 5 (n —6) 3.64:1.7 (n =  6)
Duration of dialysis +
termination procedure 4.3±2.9 (n =  6) 3 .7± i.8  (n -6 )
Total 8.64:4.1 7.34:4.2
1969). The arteriovenous fistula eliminates 
the need for an external prothesis and allows 
the patient greater freedom of activity 
(Shaldon, 1968). Accordingly, the majority 
of the patients in our unit are dialysed using 
arteriovenous fistulae. One complication 
common to both shunts and fistulae, which 
has received very little attention, is the loss 
of blood incurred by their use during dialysis. 
Accidents can lead to high blood losses 
(Kisken et a l ,  1968) but even in uncompli­
cated dialysis there is usually some spillage 
of blood from the shunt during patient 
connection and disconnection or oozing 
round the shunt skin exit sites or the fistula 
puncture sites. Furthermore, on removing 
the cannulae from the fistula at the end of 
dialysis bleeding usually occurs to a variable 
degree in spite of firm local pressure.
The results o f this study emphasise 2 
facts. Firstly, the amount of blood lost 
to the patient by the use o f a shunt or fistula 
may be as high as that volume trapped in 
the dialyser. Using the same method for the 
estimation of blood loss we have found that 
our patients lose a mean of 6.6 ml. or 3.5 ml. 
whole blood per dialysis using the Ultra-Flo 
100 coil (Travenol) or the EX-03 coil (Extra­
corporeal Medical Specialties Inc.) respec­
tively (Muir et a l ,  1970; Burton et a l ,  
1972). The blood loss from cannulation 
sites will amount to over 1.2 litre o f whole 
blood per annum assuming an 8 ml. loss 
per dialysis and thrice weekly dialysis.
Hocken and Marwah (1971) rightly have 
emphasised the need to minimise blood loss 
in the regular dialysis patient and have 
calculated the annual losses to their patients 
due to blood sampling and to blood trapping 
within the dialyser. They did not, however, 
consider blood cannulation losses which 
would raise the blood lost to each home 
dialysis patient from 1.57 litres to 2.77 litres 
per annum. The second fact to emerge 
from the study is that there is no increase
in blood loss resulting from the use o f an 
arteriovenous fistula as compared with the 
use o f the shunt. It had been our clinical 
impression that the reverse was true. In 
addition, there was no difference in the vol­
umes o f blood lost during the different 
periods o f dialysis studied with either shunts 
or fistulae. It must be stressed that these 
dialyses were uncomplicated. Occasionally 
considerable bleeding can occur during 
dialysis from newly inserted shunts (Shaldon, 
1966; Salaman, 1971) or from fistulae 
puncture sites (Eisinger et a l,  1969) and such 
occurrences will enhance the annual blood 
loss figures. We would stress the need for 
meticulous care in the use of external shunts 
and in the cannulation o f arteriovenous 
fistulae to minimise blood loss since this 
not only aggravates the anaemia of chronic 
renal failure but may facilitate the spread 
of hepatitis in an infected dialysis unit.
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Blood Loss from Cannulation S ites During H aem odialysis
Fig. I. The Cimino-Brescia arteriovenous fistula 
during dialysis. A drop o f blood is seen at the arterial 
puncture site.
each patient had the red blood cells from 20 ml. 
whole blood labelled with 120 /<Ci - ‘Cr, as for the 
technique o f red cell survival (Dacie, 1963). At the 
commencement o f each dialysis all spilled blood 
\»as carefully wiped up using sterile gauze swabs 
v.hich were placed in identical cans (4 litre volume), 
and these were filled with tap water and sealed. 
All blood oozing from either the exit sites o f the 
shunts or the fistulae puncture sites during dialysis 
was carefully collected on swabs. At the termination 
o f  dialysis either the blood spilled during shunt 
disconnection or the blood leaking from the fistulae 
venepuncture sites was similarly collected. Where 
fistulae were used the standard procedure was that 
each patient applied firm pressure, with sterile swabs, 
to the venepuncture sites for ten minutes and these 
swabs were kept. All swabs collected during dialysis, 
together with those from the termination procedure, 
were placed in a second 4 litre can. During each 
dialysis an accurately measured whole blood sample 
(5 to 10 ml.) was taken from each patient and placed 
in a third can in an identical fashion. This provided a 
standard for each measurement. Counting was 
carried out with each can placed in a large well scin­
tillation counter end on to a sodium iodide crystal, 
7 cm. in diameter x 8  cm. in depth, and surrounded 
by a lead shield 5cm. thick. This method is identical 
to that used by Watson (1964) for the estimation o f  
faecal blood loss and by Muir et al. (1970) for the 
estimation o f dialyser blood loss. This method is o f  
proven accuracy (Lindsay et al., 1972/)).
Fig. 2. The Quinton-Scribner silastic-teflon shunt in 
use. Bleeding from the skin exit site is clearly seen.
RESULTS
The mean total blood losses caused by leakage 
from shunts and fistulae are shown in the 
table. Also shown are the separate estimates 
for the blood losses encountered at the 
commencement o f dialysis and that lost 
thereafter. There was no significant difference 
(p >0.05) between the blood losses encoun­
tered by the use o f shunts or fistulae either 
at the commencement o f dialysis or thereafter 
Furthermore, the total blood losses were 
similar.
DISCUSSION
Several authors have compared the advantages 
o f the Cimino-Brescia arteriovenous fistula
(1966) over the Quinton-Scribner shunt 
(1961) (M enno et al., 1967; Cohen et al., 
1968; Byrne et al., 1971; N olph, 1971). 
The major disadvantages o f shunts are the 
frequent episodes o f local infection and 
clotting (Conn et al., 1968; M cIntosh et al., 
1969) and these complications are much less 
com m on with fistulae (Cohen et al., 1968; 
Conn et al., 1968). Attem pts to declot 
shunts may be hazardous (Gaan et al..
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C O M M E N T
P a p e r  3 c o n f i r m e d  m y  s u s p ic io n  th a t  b lood  l o s s e s  f r o m  
c annul at ion  s i t e s  a r e  s ig n i f ic a n t .  We e s t i m a te d  th a t  th e  s o u r c e  
of b lo o d  l o s s  a m o u n te d  to  1 to  2 l i t r e s  p e r  an n u m , a  v o lu m e  
w h ich  m a y  e x c e e d  th e  l o s s  due  to  th e  r e s id u a l  b lood  v o lu m e  of 
co il  d i a ly s i s .
I b e l ie v e  t h i s  t o  be  th e  only  p u b l is h e d  s tu d y  of i t s  k in d .
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C h a p t e r  3 - S u m m a r y  - B lood L o s s  D u r in g  H a e m o d i a l y s i s
In th e  I n t r o d u c t io n  to  th i s  t h e s i s ,  (C h a p te r  2, P a g e  13) I 
s t a t e d  th a t  t h e r e  w e r e  th e  fo l lo w in g  s o u r c e s  of b lood  l o s s  to  the  
p a t ie n t  d u r in g  h a e m o d i a ly s i s ;
(1) B lo o d  l o s s  f ro m  f i s tu la  c annu l at ion  s i t e s  an d  f ro m  
a r t e r i o v e n o u s  s h u n ts  d u r in g  c o n n e c t io n  an d  d i s ­
c o n n e c t io n  of th e  p a t ie n t  to  th e  d i a l y s e r .
(2) B lood  s a m p l in g
(3) B lood  l o s s  f ro m  d i a l y s e r  r u p tu r e .
(4) T h e  r e s i d u a l  b lo o d  v o lu m e  in  th e  d i a l y s e r  an d  i t s  b lood 
l i n e s  a f t e r  e a c h  d ia ly s i s
(5) C o in c id e n ta l  b lood  l o s s e s  ( e .g .  g a s t r o - i n t e s t i n a l  
an d  m e n o r r h a g ia )
In t h i s  c h a p t e r  of th e  t h e s i s  I h av e  d e m o n s t r a t e d  th a t  it i s  
p o s s ib le  to  e s t i m a t e  w ith  p r e c i s i o n  ( P a p e r  1) th e  b lo o d  l o s s e s  
o c c u r r i n g  f r o m  th e  d i a l y s e r  ( P a p e r  2) and  f r o m  a r t e r i o v e n o u s  
sh u n ts  an d  f i s tu la e  ( P a p e r  3). T h e  e s t im a t io n  of b lo o d  l o s s e s  
f r o m  d i a l y s e r  r u p tu r e  h a s  no t b e en  c a r r i e d  out f o r  th e  r e a s o n s  
s t a t e d  in th e  I n t r o d u c t io n  (page  14 ). If w e m a k e  e s t i m a t i o n s  
f o r  the  p o s s ib le  b lo o d  v o lu m e s  lo s t  b e c a u s e  of b lo o d  s a m p l in g  
and d i a l y s e r  r u p t u r e  we c an  t a b u la te  (T ab le  II) th e  an n u a l  l o s s e s  
of b lood  th a t  a  p a t ie n t  m ig h t  s u s ta in  a s s u m in g  t h r i c e  w e e k ly  
d i a ly s e s  u s in g ,  f o r  e x a m p le ,  th e  E x t r a c o r p o r e a l  E X 03  c o i l  w ith  
a  b u r s t  r a t e  in  c l i n i c a l  u s e  a s  e x p e r i e n c e d  by  o u r  un it  of 2% 
(u n p u b lish e d  o b s e r v a t io n )  and  th e  G a m b ro -A lw a l l  d i a l y s e r  w hich  
h a s  n e v e r  l e a k e d  in  o u r  e x p e r i e n c e  of o v e r  100 d i a ly s e s ,  
(u n p u b l i s h e d  o b s e r v a t io n ) .  T a b le  II sh o w s  th a t  th e  p r o b a b le  
an n u a l  l o s s e s  e n c o u n te r e d  a r e  s ta g g e r in g ;  ev en  th e  u s e  of a 
d i a l y s e r  w ith  a  low  i n t r i n s i c  b lood  l o s s  su ch  a s  th e  E X 03 co il  m a y  
c a u s e  b lood  l o s s e s  of o v e r  3 L  p e r  annum  w h ile  th e  u s e  of a 
d i a l y s e r  w ith  a  h ig h  b lo o d  l o s s  r a i s e s  t h i s  to  o v e r  8 L  p e r  a n n u m . 
It i s  l i t t l e  w o n d e r  th a t  o u r  d i a ly s i s  p a t i e n t s  r e m a i n  so  a n a e m ic .
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It i s  im p o r t a n t ,  t h e r e f o r e ,  th a t  bo th  th e  c l in ic ia n  and  th e  
m a n u f a c t u r e r  sh o u ld  g ive  g r e a t e r  c o n s id e r a t io n  to  b lood  l o s s  
in t h e s e  p a t i e n t s .  T h e  c l in ic ia n  shou ld  m in im i s e  h i s  in v e s t ig a t io n s ;  
t a k e  s c r u p u lo u s  c a r e  w ith  th e  u s e  of a r t e r io v e n o u s  s h u n ts  and  
f i s tu la e ;  c a r r y  out th o ro u g h  p r e - d i a l y s i s  p r e s s u r e  t e s t i n g  to  
e l im in a te  r u p tu r e  d u r in g  d ia ly s i s ;  and  d ev e lo p  th e  o p t im u m  w a sh -  
b a c k  te c h n iq u e  f o r  th e  d i a l y s e r  he  i s  u s in g .  T h e  m a n u f a c t u r e r  m u s t  
d e s ig n  th e  m a n ifo ld in g  of th e  d i a l y s e r  so a s  to  a l lo w  an  e f f ic ien t  
w a s h - b a c k  w ith  th e  m in im u m  v o lu m e  of f lu id  and , in  th e  c a s e  of 
d i s p o s a b le  d i a l y s e r s ,  th a t  th e y  sh o u ld  h av e  th e  lo w e s t  p o s s ib le  b u r s t  
r a t e .  In a d d i t io n  bo th  c l in ic ia n  and  m a n u f a c t u r e r  m u s t  c o n s id e r  th e  
o c c u r r e n c e  of th r o m b u s  fo r m a t io n  ta k in g  p la c e  on th e  d ia ly s i s  
m e m b r a n e s  f o r  I h a v e  show n ( P a p e r  2) th a t  t h i s  i s  th e  f a c to r  w h ich  
d i f f e r e n t i a t e s  d i a l y s e r s  w ith  h igh  and  low  b lood  l o s s  v a lu e .  B e c a u s e  
t h i s  i s  of im p o r ta n c e  w ith  r e g a r d  to  p a t ie n t  b lood  l o s s e s ,  and  a l s o  
b e c a u s e  of th e  i n t e r e s t i n g  fa c t  th a t  t h i s  t h r o m b u s  fo r m a t io n  t a k e s  
p la c e  in s p i te  of a d e q u a te  h e p a r in i s a t io n ,  I d e c id e d  to  in v e s t ig a te  
th e  m e c h a n is m  of i t s  o c c u r r e n c e .  T h e  r e s u l t s  of t h e s e  s tu d ie s  a r e  
g iv en  in  C h a p t e r  4.
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C H A P T E R  4
TH RO M BU S FO R M A T IO N  DURING HAEM ODIALYSIS
In t h i s  c h a p te r  tw o  p a p e r s  a r e  p r e s e n te d .  T h e y  d e s c r i b e  th e  
c h a n g e s  w hich  ta k e  p la c e  in  p la t e l e t  coun t,  c o a g u la t io n  f a c t o r s  and 
th e  f ib r in o ly t ic  s y s te m  d u r in g  h a e m o d i a ly s e s .  T h e y  show  th a t  t h e s e  
h a e m o s ta t i c  c h a n g e s  a r e  a s s o c i a t e d  w ith  th e  r e t e n t io n  of p la t e l e t s  
on th e  d i a l y s i s  m e m b r a n e s  an d  m a y  be a s s o c i a t e d  w ith  th e  f o r m a t io n  
of p l a t e l e t - f i b r i n  t h r o m b u s .  It i s  of p a th o g e n e t ic  s ig n i f ic a n c e  th a t  
t h i s  th r o m b u s  f o r m a t io n  m a y  be  d im in is h e d  by p r e - t r e a t i n g  p a t ie n t s  
w ith  a n t i - p l a t e l e t  a g e n ts .
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P a p e r  4 H a e m o s ta t i c  c h a n g e s  d u r in g  d i a ly s i s  a s s o c i a t e d
w ith  t h r o m b u s  f o r m a t io n  on d i a ly s i s  m e m b r a n e s  (1972)
B r i t i s h  M ed ic a l  J o u r n a l  4 54 -458  R. M, L in d s a y ,
C . R .  M, P r e n t i c e ,  J . F .  D a v id so n ,  J . A .  B u r to n  a n d  G. P .  M cN ico l,
P u r p o s e  of In v e s t ig a t io n
T h r o m b u s  f o r m a t io n  m a y  ta k e  p la c e  on th e  d i a l y s i s  m e m b r a n e s  
of th e  a r t i f i c i a l  k id n e y  d u r in g  h a e m o d ia ly s i s ,  in  s p i te  of e f f ic ien t  
a n t ic o a g u la t io n ,  and  m a y  be a s s o c i a t e d  w ith  a  h igh  p a t ie n t  b lood  
l o s s  ( P a p e r  2). It w a s  im p o r ta n t ,  t h e r e f o r e ,  to  s tu d y  th e  c a u s e  
and  ex ten t  of th r o m b u s  f o r m a t io n  o c c u r r in g  on d i a l y s i s  m e m b r a n e s  
in th e  p r e s e n c e  of h e p a r in .  A c c o rd in g ly ,  h a e m o s ta t i c  s tu d ie s  w e r e  
c a r r i e d  out on r e g u l a r  d i a ly s i s  p a t ie n t s  b e f o r e  and  a f t e r  d ia ly s i s  and  
d i a ly s i s  m e m b r a n e s  w e r e  a n a ly s e d  a f t e r  u s e .
P e r s o n a l  C o n t r ib u t io n
T h e  s tu d y  w a s  u n d e r ta k e n  a t m y  s u g g e s t io n .  T he  h a e m o s ta t i c  
s tu d ie s  c o m m e n c e d  e a r l y  in  1971 at w hich  t im e  I h a d  ju s t  c o m p le te d  
a p e r io d  of t r a i n i n g  in  th e  n e c e s s a r y  l a b o r a t o r y  t e c h n iq u e s  u n d e r  th e  
g u id a n ce  of D r .  G . P ,  M cN ico l (now P r o f e s s o r  M cN ico l)  an d  D r .
C . R ,  M. P r e n t i c e  and  it w a s  th e y  who s u g g e s te d  w h ich  in v e s t ig a t io n s  
sh o u ld  be p e r f o r m e d .  T h e  m a j o r i t y  of th e  p l a t e l e t ,  c o a g u la t io n  an d  
f ib r in o ly t ic  s tu d ie s  w e r e  c a r r i e d  out p e r s o n a l ly  w ith  s o m e  t e c h n ic a l  
h e lp  f r o m  M rs  A . S a n d ifo rd  an d  M is s  J .  G r a n t .  T h e  d i a ly s i e s  w e re  
s u p e r v i s e d  by  m y s e l f  and  D r .  J .  A . B u r to n .  T h e  te c h n iq u e  of 
la b e l l in g  p l a t e l e t s  w ith  r a d io c h r o m iu m  w a s  d e v e lo p e d ,  w ith  h e lp  
f ro m  D r .  J ,  F .  D a v id so n ,  a f t e r  a  s u g g e s t io n  by  D r .  G . P .  M cN ico l.  
T h e  d e s ig n  of th e  r a d io c h r o m iu m  p la te l e t  s tu d y , t h e r e a f t e r ,  w a s  
m in e  a n d  th e  w o rk  w as  c a r r i e d  out p e r s o n a l ly  w ith  s o m e  te c h n ic a l  
a s s i s t a n c e  f r o m  M r  I. H ow e. T he  im m u n o f lu o r e s c e n t  s tu d ie s  w e re  
c a r r i e d  out in  c o l la b o r a t io n  w ith  D r .  J .  F .  D a v id so n .  T h e  s c a n n in g  
e l e c t r o n m i c r o g r a p h s  w e r e  p r e p a r e d  by  M iss  R. W ilk in s o n  
(B io e n g in e e r in g  U n it ,  U n iv e r s i ty  of S t r a th c ly d e )  a f t e r  m e m b r a n e  
p r e p a r a t i o n  by  m y s e l f  an d  D r .  B u r to n .  T h e  p a p e r  w a s  w r i t t e n  by m e,
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Summary
Platelet counts, coagulation factors, and the fibrinolytic 
system were studied in seven regular dialysis patients
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during the course o f haemodialysis by parallel flow 
(Gambro-Alwall) and coil (Travenol Ultra-Flo 100) 
dialysers. Significant falls in the patients* platelet counts 
and rises in their factor V levels were found with both 
dialysis systems. The changes were more pronounced 
over the course of a Gambro-Alwall dialysis, when signifi­
cant falls in the partial thromboplastin clotting time and 
in the plasminogen levels were also noted. These haemo­
static changes were associated with the retention o f plate­
lets on the dialysis membranes and, in the case of the 
Gambro-Alwall dialyser, with the formation of platelet- 
fibrin thrombus. This thrombus formation may take 
place in spite o f efiicient heparin anticoagulation and 
may cause excessive blood loss to the regular dialysis 
patient.
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Introduction
H aem odialysis w itîi som e types o f  parallel flow  dialyser m ay be  
associated w ith  a h igher patient b lood  loss than w ith  a co il dia­
lyser o f  the sam e surface area. T h is  is ow in g  to  throm bus form a­
tion  on the cuprophane m em branes o f  the dialyser (M uir et al.) 
1970; L ind say  et al., 1972). S u ch  iatrogenic sources o f  b lood  
loss m ay aggravate the anaem ia o f  a regular dialysis patient 
by  causing iron deficiency (L aw son  et al., 1968; H ock en  and  
M arw ah, 1971) and should  be avoided  as b lood  transfusion is 
undesirable in tliese patients because o f  the risk o f  hepatitis  
(B runner et al., 1972). It was im portant, therefore, to study th e  
cause and exten t o f  throm bus form ation occurring on dialysis 
m em branes in  the presence o f  heparin. A ccord in gly , w e  have  
m ade haem ostatic  stu d ies on regular dialysis patients before  
and after d ialysis w ith  parallel flow  or coil dialysers and have  
analysed the throm botic m aterial w h ich  accum ulates o n  the  
m em branes during haem odialysis.
P latelet counts (D a c ie  and L ew is, 1970a) w ere carried out on  
citrated w hole  b lood  and o n  p latelet-rich  p lasm a prepared by  
centrifugation  at 40 0  g  for five m inutes at room  tem perature. 
P latelet factor I I I  availab ility  w as estim ated  b y  the m eth od  o f  
H ardisty  and H u tto n  (1965). T h e  coagulation  tests perform ed  
w ere throm bin  clo tting  tim e (M cN ic o l and D o u g la s , 1964), o n e -  
stage prothrom bin tim e (D o u g la s , 1964), kaoU n-cephalin c lo t­
tin g  tim e (Proctor and R apaport, 1961), and th e  partial throm bo­
plastin  tim e (L angd ell et al., 1963). T h e  plasm a recalcification  
tim e was m easured in  a p lastic  tub e b y  m ix in g  0 1 m l o f  0  15 M  
saline and 0 1 m l o f  fresh  non -con tacted  plasm a at 37°C , adding  
0 1  m l o f  0-025 M  calcium  ch loride, and record ing th e  c lo ttin g  
tim e. A ssays w ere carried out o f  factor V  (Shanberge et al., 1967), 
factor V III  (B reckenridge and R atnoff, 1962), and fibrinogen  
(R atn off and M en zie , 1964). T e sts  o f  fibrinolysis w ere p lasm in o­
gen  (R em m ert and C on en , 1949), eug lob u lin  ly sis-tim e  (N ilsso n  
and C low , 1962), and  assay o f  serum  fibrin -fibrinogen degrada­
tion  products (M erskey  et al., 1966). T h e  urokîn ase-sen sitiv ity  
test was perform ed as described  b y  M cN ic o l et al., (1965).
Patients and M ethods
Seven  regular d ialysis patients (four m ales and three fem ales) 
were stu died  w itli d ie ir  agreem ent. E ach patient was d ia lysed  by  
both  a parallel flow  and a coil system  for six  to e igh t hours. 
D u rin g  dialysis all patients were heparin ized  w ith  an in itia l dose  
o f  2 ,0 0 0  un its and then  2 ,000  u n its per hour o f  dialysis to  m ain­
tain the c lo tting  tim e at 37°C  in excess o f  30  m inutes. E ach  
dialysis was term inated w ith  a standard “ w ash-back” procedure  
as described prev iou sly  (M uir et al., 1970; L indsay et al., 1972) 
during w h ich  100 m g  protam ine su lphate (W ed d el P harm aceuti­
cals L td .) was g iven  into the dialyser “ ven ou s” line. A t no tim e  
did protam ine su lphate, an agent know n to  precip itate fibrinogen  
(M y lo n  et al., 1942), com e into  contact w ith  the dialyser.
DIALYSERS
T h e  ll- la y e r e d  1-m® disposab le parallel flow  G am bro-A lw all 
dialyser (A b G am bro, L u n d , Sw ed en ) contains P T  325 cupro­
phane m em branes (J. P . B em berg), and is sh ow n diagram m ati- 
cally  in F ig . 1. T h e  1-m® U ltra -F lo  100 (T raven ol) coil has 
P T  300 cuprophane m em branes.
A fter use each  dialyser was d ism antled  and th e  site  and  
m acroscopic appearance o f  residual b lood  w as noted . O ne  
dialyser o f  each type was filled w ith  buffered glutaraldehyde  
im m ediately  after the “ w ash-back” procedure, and after one  
hour m em brane specim ens w ere taken for scann ing electron-  
m icroscopy as described  by M u ir  et al. (1970). O ther 2 -cm ‘* 
m em brane specim ens w ere taken im m ediately  after d ialysis for  
im m unofluorescent studies. T h e  m em brane w as gently  w ashed  
in  0 1 M  phosphate buffer, m oun ted  o n  glass m icroscope slides, 
and flooded w ith  0 5 m l fluorescein  isothiocyanate conjugated  
rabbit antihum an fibrinogen (H oech st Pharm aceuticals L td .), 
and incubated at room  tem perature in  a m oist Petri d ish  for 
30 m inutes. U n fixed  antisera was then  rem oved  by  w ashing in  
0 1 M  phosphate buffer, and the specim en was m ou n ted  in  
glycerol saline under a glass coverslip . Sp ecim en s w ere exam ined  
by phase contrast, incident fluorescence, and com bined  phase  
fluorescence in a L eitz  ortholux m icroscope.
RADIOCHROMIUM PLATELET STUDY
In  th is separate stu d y  each o f  five  regular d ialysis patients un der­
w en t p lasm apheresis, and th e  platelets from  430 m l w h ole  b lood  
w ere obtained  and labelled  w ith  radiochrom ium  u sin g  20 0  ^Ci 
®^Cr by  the m eth od  o f  D a c ie  and L ew is (1970b). T h e  labelled  
platelets w ere retiurned to  each patien t w h o tw o  days later under­
w en t an e igh t-hour dialysis u s in g  a G am bro-A lw all dialyser. A t  
the start o f  dialysis a 100-m l w h ole  b lo o d  sam ple w as taken. 
A  2 0 -m l subsam ple o f  th is w as d iv id ed  b y  cen trifugation  at 
450  g  for five m inutes and then  at 1,500 g  for 30  m inutes at 
18°C  in to  p latelet-rich  plasm a, p latelet-poor p lasm a, and packed  
red  cells. T h e  latter w ere w ashed  and th en  m ade u p  to  a 10-m l 
v o lu m e u sin g  0-15 M  saline. T h e  p latelet-rich  and p latelet-poor  
plasm a sam ples w ere also m ade up  to  10-m l vo lum es u sin g  
0-15 M  saline. T h e  three sam ples w ere th en  co im ted  in  identical 
geom etries u sin g  a sc in tilla tion  counter to  stu d y  th e  d istr ibu tion  
o f  the isotope. O n  each occasion  over 90%  o f  th e  radioactivity  
was present in  th e  p late le t-r ich  p lasm a. A fter  each dialysis the  
dialyser w as d ism an tled  and  th e  m em branes w ere p laced  in  4 -  
litre cans w h ich  w ere filled  w ith  tap-w ater, sea led , and their  
radioactivity w as cou n ted  in  a large w ell sc in tilla tion  counter. 
A  standard was prepared o n  each occasion  by  taking th e  p la te let-  
rich plasm a from  th e  rem ain ing  80 m l o f  w h o le  b lo o d  and  esti­
m ating the total nu m ber o f  p latelets in  th e  sam ple. T h is  standard  
w as then  p laced  in  a 4-litre  can, w h ich  was handled  identica lly  to  
th e  can conta in ing  the dialysis m em branes. B y  com paring the  
radioactivity o f  each  can an estim ate o f  the num bers o f  p latelets  
retained b y  th e  m em branes w as m ade. In  do in g  th is it w as 
assum ed that th e  ®^Cr-Iabelled platelets behaved  identica lly  to  
un labelled  p latelets. T h is  m eth od  is sim ilar to  that used  for the  
estim ation  o f  th e  dialyser residual b lood  vo lum e (M uir et al., 
1970; L ind say  et ah , 1972). T h e  estim ated num ber o f  p latelets  
on  th e  dialysis m em branes was com pared w ith  th e  expected  
platelet lo ss, assum ing that p latelets w ou ld  be lo st o n ly  according  
to  their concentration  in w h ole  b lood . T o  do  th is th e  predialysis  
p latelet count w as estim ated , and th e  b lood  loss p er d ia lysis was 
assum ed to  b e  36 m l— a figure based on  previous experim ents  
(L ind say  et al., 1972).
HAEMOSTATIC INVESTIGATIONS
V enous blood was taken in p lastic syringes, w ith  the m in im um  
o f  venous occlusion , at the start o f  dialysis and again at five  
m inutes after protam ine sulphate had been g iven  at the end  o f  
dialysis. B lood was m ixed  w ith  on e-ten th  o f  the total vo lum e  
3-8%  sod ium  citrate. It was kept at 4°C  for coagulation , and at 
20"C for platelet studies. A  5 -m l sam ple w as a llow ed  to  c lo t in  
a tube contain ing glass beads and 1 m g tranexam ic acid for 
assay o f  fibrin-fibrinogen degradation products.
Results
D ialyser Appearance and Membrane S tu d ies .~ O n  d ism an tlin g  
each  G am bro-A lw all d ialyser variable am ounts o f  b lo o d  w ere  
seen , especia lly  towards th e  “ ven o u s” and “ o u tlet” en d  o f  each  
m em brane com partm ent (F ig . 1). T h e  m aterial had th e  m acro­
scop ic  appearance o f  throm bus and was fairly adherent to  the  
dialysis m em brane. Scann ing e lectronm icroscopy sh ow ed  plate-' 
lets and fibrin-like strands trapping red b lood  cells (F iç . 2) on  
the m em brane. Im m u nofluorescent stu d ies w ith  antihum an
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f ib r in o g e n  s h o w e d  f ib r in - p o s i t i v e  m a t e r ia l  t o  b e  p r e s e n t  o n  t h e  
m e m b r a n e  in  t h e  fo r m  o f  s tr a n d s  ( F ig .  3 ) .  ^ ( l i e n  e a c h  c o i l  
d ia ly s e r  w a s  d is m a n t le d  s m a l l  a m o u n t s  o f  b lo o d  w e r e  f o u n d  
m a in ly  a t  t h e  j u n c t io n s  o f  t h e  b lo o d  l in e s  a n d  t h e  m e m b r a n e  
t u b in g .  T h i s  b lo o d  w a s  e a s i ly  w a s h e d  a w a y  a n d  d id  n o t  r e s e m b le  
t h r o m b u s .  S c a n n in g  e le c t r o n m ic r o s c o p y  s h o w e d  p la t e l e t s  a n d  
f e w  f ib r in - l ik e  s tr a n d s  b u t  t h e s e  w e r e  m u c h  le s s  e v id e n t  th a n  
t h o s e  s e e n  o n  t h e  m e m b r a n e s  o f  t h e  G a m b r o - A lw a l l  d ia ly s e r .  
B y  im m u n o f lu o r e s c e n c e  a  f e w  s tr a n d s  c o u ld  b e  s h o w n  t o  r e a c t  
w it h  a n t i f ib r in o g e n  s e r u m .
Platelet Studies .— T h e  p la t e le t  c o u n t s  b e f o r e  a n d  a f t e r  d ia ly s is  
a r e  s h o w n  in  F ig .  4 .  A  c o n s t a n t  a n d  s ig n if i c a n t  fa l l  in  p la t e l e t  
c o u n t  o v e r  t h e  d ia ly s is  p e r io d  w a s  s h o w n  f o r  b o t h  d ia ly s e r s  
( T r a v e n o l  P  < 0 - 0 2 ;  G a m b r o  P  < 0  0 1 ) .  T h e  m e a n  p e r c e n t a g e  
f a l l  o f  p la t e l e t s  a f t e r  d ia ly s is  w i t h  t h e  G a m b r o  d ia ly s e r  w a s
blood
blood
c u p r o p h a n e  
membrane
G a m b r o Travenol
t r a p p e d
blood
d i a l y s a t e
d i a l y s a t e
n o . 1—Exploded diagram of the 11-layered Gambro-Alwall dialyser. 
Stippled area indicates the site of maximum thrombus formation.
Y  '
FIG. 2—Scanning electronmicrograph ( x 1,000) of deposit found on PT 325 
cuprophane membranes of Gambro-Alwall dialyser after use. Fibrin-like 
strands are seen trapping red blood cells; platelets are also in evidence.
FIG. 3— Incident fluorescence seen when examining used PT 325 cuprophane 
unembranes (from a Gambro-Alwall dialyser) after incubation with fluores­
cein isothiocyanate conjugated rabbit antihuman flbrinogen. The fluorescence 
suggests that the strands seen in Figure 2 are fibrin. ( x 500.)
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FIG. 4—Platelet counts and platelet factor III clotting times 
before and after dialysis from Gambro-Alwall and Travenol 
coil dialyses.
4 6 % , c o m p a r e d  t o  3 1 %  a f t e r  t h e  c o i l  d ia ly s e r  ( P  < 0 - 0 5 ) .  T h e  
p la t e l e t - r ic h  p la s m a  p la t e l e t  c o u n t s  f o l l o w e d  t h e  p a t te r n  o f  t h e  
w h o le  b lo o d  p la t e l e t  c o u n t s .  A s  s h o w n  in  F ig .  4  t h e r e  w a s  a  
s ig n if i c a n t  d e c r e a s e  in  t h e  m e a n  p la t e le t  fa c to r  I I I  a c t iv i t y  a ft e r  
d ia ly s is  b y  b o t h  s y s t e m s  ( ?  < 0  0 1 ) ;  th is  w a s  p r o b a b ly  d u e  t o  
t h e  d e c r e a s e  in  p la t e le t  c o u n t .
Coagulation Studies.— I n  a ll  in s ta n c e s  t h e  p o s t d ia ly s is  t h r o m ­
b in  c lo t t in g  t im e s  w e r e  r e s to r e d  t o  t h e  p r e d ia ly s is  v a lu e s ,  in d ic a t ­
i n g  th a t  c ir c u la t in g  h e p a r in  h a d  b e e n  n e u t r a l iz e d  b y  t h e  p r o ta ­
m in e  s u lp h a te .  A f te r  G a m b r o - A lw a l l  d ia ly s e s  a  s h o r t e n in g  o f  
t h e  p a r t ia l t h r o m b o p la s t in  t im e  f r o m  a n  in i t ia l  m e a n  v a lu e  o f  
7 7  s e c o n d s  t o  6 5  s e c o n d s  w a s  n o t e d  ( P  < 0  0 5 ) .  T h i s  d id  n o t  
o c c u r  a ft e r  T r a v e n o l  d ia ly s is .  T h e r e  w e r e  n o  c h a n g e s  in  t h e  o n e -  
s t a g e  p r o th r o m b in  t im e ,  t h e  k a o l in - c e p h a l in  c lo t t in g  t im e ,  o r  
t h e  p la s m a  r e c a lc if ic a t io n  t im e  a f t e r  d ia ly s is .  T h e r e  w a s  a  
s ig n if ic a n t  in c r e a s e  in  fa c to r  V  a c t iv i t y  a f t e r  b o t h  fo r m s  o f  d ia ly ­
s is .  T h e  m e a n  p r e - T r a v e n o l  v a lu e  o f  1 2 8 %  r o s e  t o  1 6 7 %  
(P  < 0  0 5 )  a n d  t h e  m e a n  p r e - G a m b r o  v a lu e  r o s e  fr o m  1 2 5 %  t o  
1 7 7 %  ( P  < 0  0 2 ) .  T h e r e  w e r e  v a r ia b le  a n d  n o n - s ig n i f ic a n t  
c h a n g e s  in  t h e  f a c to r  V I I I  a n d  f ib r in o g e n  le v e ls  o f  in d iv id u a l  
p a t ie n t s  o v e r  t h e  c o u r s e  o f  d ia ly s is .
Fibrinolytic Studies.— A s  s e e n  in  F ig .  5  t h e r e  w a s  a  s ig n if ic a n t  
fa l l  in  p la s m in o g e n  a f t e r  G a m b r o - A lw a l l  d ia ly s is  ( P  < 0  0 2 )  b u t  
n o t  a f t e r  a  T r a v e n o l  d ia ly s is .  T h e r e  w e r e  n o  s ig n if ic a n t  c h a n g e s  
in  t h e  e u g lo b u l in  ly s i s - t im e ,  u r o k in a s e  s e n s i t iv i t y  t e s t ,  o r  in  t h e  
le v e l s  o f  f ib r in - f ib r in o g e n  d e g r a d a t io n  p r o d u c t s  a f t e r  e i t h e r  
fo r m  o f  d ia ly s is .
G a m b r o
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FIG. 5—Plasminogen levels before and after dialysis from 
Gambro-Alwall and Travenol coil dialyses.
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R adiochrom him  P la te le t S tu d y .— T h e  m easured num bers o f  
platelets on  the dialysis m em branes are sh ow n in the T ab le  
w here they are com pared w ith  the expected  platelet loss as 
based on  a dialyser blood loss o f  36 m l. T h e  num ber o f  p latelets  
lost is greatly in excess o f  that attributable to th e  w h ole  b lood  
residual vo lum e, su ggestin g  that the platelets are retained  
preferentially by dialysis m em branes.
Caiiipanson of the Number of Platelets Actually Retained on the Gambro- 
Alwall Dialysis Membranes After Use, Estimated by using ^^Cr-labelled 
Platelets, and the Number of Platelets Assumed to Lie in the Dialyser as Part 
of a 3G-ml Whole Blood Loss
Platelets Retained on Gam bro-Alwall M embranes
Study  
N o. j N o. M easured by 
“'Cr T echnique
N o. Assum ed on  
Basis o f  36-m l Blood loss
1 184 X 109 3 9 X 109
2 42-4 X 109 6 4 X 109
3 43 4 X 109 6-7 X 109
4 59 9 X 109 7 1 X 109
5 . .  I 52 7 X 109 8-4 X 109
D i s c u s s i o n
T h e  m ost striking change observed in  these  stu d ies was th e  large  
fall in p latelet count, w h ich  occurred after d ialysis by both  
system s (F ig . 4). T h is  postdialysis fall in  p latelet count does not  
appear to  have been  previously recorded, indeed  L arsson  
(1971) found no change in the p latelet count after G am bro- 
A lwall d ialyses and H esse  et a l., (1970) sim ilarly observed  no  
change after T raven ol d ialyses. I t m ust b e  noted , how ever, that 
in these studies the second  specim ens w ere taken at least 18 
hours after d ialysis. F urtherm ore, A nderson and D e  Palm a  
(1966) found no drop in the p latelet count o f  patients after 
16 hours o f  K iil dialysis. A  large drop in p latelet count was, 
how ever, noted  by M ason  et a h ,  (1972) w h en  fresh  b lood  ran 
over d ialysis m em branes usin g  an ex -v ivo  test cell system . T h e  
platelet count fall was significantly greater over the course o f  a 
G am bro-A lw all d ialysis than over a T ravenol U ltra -F lo  100 
coil d ialysis. T h e  ®>Cr-labelled platelet studies (see  T ab le) 
suggest that the drop in  p latelet count is secondary to p latelet 
retention  in the dialysis m em branes.
T h e  ev id en ce provided by the appearance o f  the dialyser, 
scanning electronm icrographs, and by fluorescein -labelled  anti­
fibrinogen serum  (F ig . 3), suggests that p latelet-fibrin  throm bus 
is deposited  on the m em branes o f  the G am bro-A lw all dialyser. 
In contrast, this process occurs on ly  to  a m inor exten t w h en  the  
coil dialyser is used , even th ou gh  the p latelet count is reduced  
by 30%  after this type  o f  dialysis. I t appears that platelets  
adhere to the d ialysis m em branes and that, in  certain c ircu m ­
stances, this process m ay be accom panied by fibrin form ation  
d esp ite  the presence o f  c ircu lating heparin. O ther workers have  
studied  throm bus form ation on m aterials used in  cardiovascular  
surgery— for exam ple. T eflon  and S ilastic— and also suggest 
that p latelet retention to these m aterials is an im portant step in  
throm bus form ation (L ym an  et a h ,  1968; L ym an  e t a h ,  1969; 
R odm an and M ason , 1970a, 1970b). In deed , Salzm an (1971) 
stated “ It  is now  custom ary to view  surface-induced  throm bosis  
as chiefly , i f  not exclusively , a p latelet prob lem .” It is likely  that 
secondary factors such as the b lood  linear velocity  are im portant 
in allow ing the p latelet reaction to proceed to fibrin form ation. 
W . M . M uir (personal com m unication ) n oted  that w h en  h eparin­
ized blood flow ing over cellu lose-based  m em branes attains a 
linear velocity  below  5 cm /sec  throm bus form ation is likely to 
occur. D u rin g  norm al clinical usage the linear velocity  o f  blood  
flow ing through the G am bro-A lw all dialyser is always below  
this level, whereas higher linear velocities (5 -10  cm /sec) occur  
w ith  the T ravenol coil. It is possib le  that the h igh  linear blood  
velocity  through the coil prevents fibrin form ation on  its m em ­
branes. T h e  difference in  the linear b lood  velocities has already  
been  suggested  as an explanation  for th e  different b lood  losses  
caused by these tw o dialysers (M uir et a h ,  1970).
It was o f  interest to  find  that p latelet and  fibrin deposition  
cou ld  occur o n  dialysis m em branes even  in  th e  presence o f  
sufficient heparin  to pro long  the w h ole  b lood  c lotting  to  m ore  
than 30  m inutes. T h is  concentration  o f  heparin  w ou ld  be  
expected  to  in h ib it th e  action  o f  throm bin  on  fibrinogen . P late­
lets are kn ow n to  have c lo t-p rom oting  effects on  the intrinsic  
coagulation  pathw ays as w ell as possessin g  a com ponent w h ich  
inh ib its heparin , know n as p latelet factor IV  (G odal, 1962). It  
is possib le  that sufficient throm bin  is generated w ith in  the p la te­
let m icro-en vironm ent to  c lot fibrinogen. A lternatively , th e  fibrin  
strands m ay have been  form ed as a result o f  enzym es other than  
throm bin or even  by  n o n -en zy m etic  m eans. T h e  fact that 
fibrin-like m aterial can b e  deposited  in th e  v ic in ity  o f  p latelets  
even  in  the p resence o f  heparin has im portant im plications in  the  
stu dy  o f  arterial throm bosis w here the conventional anticoagu­
lants do n ot p lay a large part in  prevention  or treatm ent.
T h e  postd ialysis rise in factor V  activ ity , together w ith  a 
sh orten ing  o f  the partial throm boplastin  tim e, m ay ind icate  
activation  o f  the patien t’s coagulation  m echanism . Sim ilar find­
ings have also been  recorded by M ason  et a h , (1972) w ho o b ­
served  a fall in  the partial throm boplastin  tim e w h en  b lood  cam e  
in  contact w ith  d ialysis m em branes in an ex -v ivo  test cell system  
and by  L arsson (1971) w ho noted  a rise in  factor V  activ ity  
togeth er w ith  increases in  factor V I I I  and fibrinogen levels the  
day after a G am bro-A lw all d ialysis. L arsson  (1971), how ever, 
could  n ot find increased fibrinolytic  activity after d ialysis, 
ind eed  h e  fo u n d  an increase in  the leve l o f  urokinase inh ib itors  
on  the day after dialysis. O ur resu lts, how ever, show  a significant 
fall in  th e  p lasm in ogen  leve l im m ed iately  after a G am bro- 
A lw all d ialysis (F ig . 5), w h ich  m ay reflect increased p lasm in ogen  
activation  secondary to the fibrin  form ation occurring in  th e  
dialyser.
T h e  haem ostatic  changes during dialysis and the throm bus  
deposition  o n  th e  dialysis m em branes w h ich  w e have observed  
are sim ilar in  m any respects to  th e  changes occurring during  
cardiopulm onary bypass surgery. A  decrease in  p latelet count 
and p lasm in ogen  level has been  observed  am ong other changes in  
the b lood  coagulation  factors o f  patients u n dergoin g  su ch  surgery  
(Sa lzm an  and  B ritten , 1965), and fibrin form ation w ith in  th e  
extracorporeal circuit o f  the cardiopulm onary bypass is com m on.
In  conclu sion , w e  have observed  haem ostatic  changes—  
nam ely, falls in  the p latelet count and p lasm inogen  levels and a 
rise in  factor V  leve ls— in patients undergoin g  dialysis by the  
G am bro-A lw all dialyser, w h ich  w ou ld  appear to  b e  associated  
w ith  th e  form ation  o f  throm bus on  the m em branes o f  that 
dialyser. T h e se  changes occur in  sp ite o f  adequate heparin anti­
coagulation  and m ay lead  to  an undesirab ly  h ig h  b lood  loss for 
th e  regular d ialysis patient. O ur stu dy  suggests that p latelet  
reten tion  by  th e  dialysis m em branes m ay be an im porm nt early  
step  in  the reaction  w h ich  proceeds to  fibrin form ation . Further  
stu d ies o n  th e  effect o f  antip latelet agents and different types o f  
dialysis m em branes in  reducing dialyser throm bus form ations  
are in  progress.
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ADDENDUM  TO P A P E R  4
T h e r e  i s  an  e r r o r  in  th e  T a b le  shown on p ag e  457 of P a p e r  4. 
T he  n u m b e r  of p l a t e l e t s  r e t a i n e d  on th e  G a m b ro -A lw a l l  m e m b r a n e s  
sh o u ld  be m u l t ip l ie d  by  10^ an d  not 109 a s  i s  in d ic a te d
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C o m m e n t
T h i s  s tu d y  c o n f i r m e d  th a t  t h r o m b u s  f o r m a t io n  t a k e s  p la c e  on
th e  d ia ly s i s  m e m b r a n e s  of th e  G a m b ro -A lw a l l  d i a l y s e r .  T he  ev id en c e
fo r  t h i s  s t a t e m e n t  i s  b a s e d  upon  th e  m a c r o s c o p ic  a p p e a r a n c e  of th e
m e m b r a n e s ,  th e  s c a n n in g  e l e c t r o n m i c r o g r a p h s ,  th e  in c id e n t
f lu o r e s c e n c e  s e e n  a f t e r  in c u b a t io n  of th e  m e m b r a n e s  w ith  f l u o r e s c e in
is o th io c y a n a te  c o n ju g a te d  ra b b i t  a n t ih u m a n  f ib r o g e n ,  and  upon th e
d e m o n s t r a b l e  c h a n g e s  in  p la te le t  c o u n ts ,  c o a g u la t io n  t e s t s  and
p la s m in o g e n  l e v e l s  o v e r  th e  d u ra t io n  of a  d i a l y s i s .  T h e  m o s t  s t r i k in g
ch an g e  o b s e r v e d  in  th e  h a e m o s ta t i c  s tu d ie s  w a s  th e  l a r g e  fa l l  in
p la te le t  coun t found  im m e d ia te ly  a f t e r  d ia ly s i s  w h ich  w a s  p ro b a b ly
due to  p la te le t  r e t e n t io n  by  th e  d ia ly s i s  m e m b r a n e s  ( a s  s u g g e s te d  by 
51th e  C r  -  l a b e l l e d  p la te le t  s tu d y ) .  T h e s e  o b s e r v a t io n s ,  w h ich  h a d  
not b e e n  p r e v io u s ly  r e p o r t e d  ( s e e  D is c u s s io n ) ,  su g g e s t  th a t  t h i s  
p la te le t  r e t e n t io n  by th e  m e m b r a n e s  m a y  be an  im p o r ta n t  e a r l y  s tep  
in  th e  r e a c t i o n  w h ich  p r o c e e d s  to  f ib r in  f o r m a t io n .  It w a s  im m e d ia te ly  
obv ious  t o  u s  th a t  we co u ld  t e s t  t h i s  h y p o th e s i s  by  o b s e r v in g  th e  
ex ten t  of t h r o m b u s  fo r m a t io n ,  and  th e  c h a n g e s  in  th e  h a e m o s ta t i c  
m e c h a n i s m ,  th a t  o c c u r r e d  w hen  p a t ie n t s ,  w h o se  p la t e l e t  fu n c tio n  h ad  
b e en  in h ib i te d  by  d r u g s ,  w e re  d ia ly s e d .  T h is  i s  th e  s u b je c t  of P a p e r  
5.
W hile  th e  o b s e r v a t io n s  d e s c r ib e d  in  P a p e r  4 h a d  n o t b e en  p re v io u s ly  
r e p o r t e d  I m u s t  d ra w  a t te n t io n  to  th e  e x c e l le n t  s tu d ie s  of L a r s s o n  
(U n iv e r s i ty  of L und , Sweden) who h a s  s tu d ie d  th e  c o a g u la t io n  and 
f ib r in o ly t ic  s t a t u s  of c o n v e r v a t iv e ly  t r e a t e d  c h ro n ic  u r a e m i c s  
( L a r s s o n  e t  a l ,  1971a), of p a t i e n t s  w ith  a c u te  r e n a l  f a i l u r e  ( L a r s s o n  
et a l ,  19 71b), an d  of u r a e m i c  p a t ie n t s  on m a in te n a n c e  h a e m o d ia ly s i s  
( L a r s s o n ,  1971). He d id  n o t ,  h o w e v e r ,  e x a m in e  th e  a c u te  c h a n g e s  
in  th e  h a e m o s ta t i c  s y s te m  found im m e d ia te ly  a f t e r  d i a ly s i s  and  h e  w a s  
not i n t e r e s t e d  in  th e  m e c h a n i s m  of t h r o m b u s  f o r m a t io n  w ith in  
e x t r a c o r p o r e a l  c i r c u i t s .  T h e  r e la t io n s h ip  b e tw ee n  h i s  and  o u r  w o rk  
i s  c o n s id e r e d  in  th e  D is c u s s i o n .  M ention  of a p o s t - d i a l y s i s  fa l l  in 
p la te le t  coun t w ith  th e  G a m b r o - A lw a l l ,  T r a v e n o l  U l t r a  F l o  100, and  
tw o  o th e r  d i a l y s e r s  i s  m a d e  by M u ir  a n d  M a r t in  (1971) an d  M u ir  (19 71)
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in  tw o  s e p a r a t e  re v ie w  a r t i c l e s  on h a e m o d i a l y s e r s .  T h e  d a ta  th e y  
quo te  w as  f r o m  p r e l i m i n a r y  w o rk  c a r r i e d  out by  m y s e l f  an d  m a d e  
a v a i l a b le  t o  th e m .  T h is  d a ta  w a s ,  i n c o r r e c t l y ,  r e f e r e n c e d  in 
t h e s e  p a p e r s  a s  th a t  of 'M u i r  and  L in d s a y  (u n p u b lish e d  r e s u l t s ) ' .
A s  th e  f a l l  in  p la te le t  count w as  g r e a t e r  o v e r  th e  c o u r s e  of a 
G a m b ro -A lw a l l  d i a ly s i s  th a n  th e  fa l l  o v e r  a  T r a v e n o l  d i a ly s i s  I 
w o n d e re d  if  th e  d e g r e e  of p la te le t  d ro p  w a s ,  d i r e c t l y ,  r e l a t e d  to  
th e  f o r m a t i o n  of t h r o m b u s  on d i a ly s i s  m e m b r a n e s  and , h e n c e ,  to  
th e  d i a l y s e r  b lood  l o s s .  T h i s  le d  to  th e  A d d it io n a l  Study ( I n t e r ­
r e l a t io n s h ip  of s o m e  f a c t o r s  in  b lo o d  r e te n t io n  in  d i a ly s i s  s y s t e m s  
p ag e  36) in  w h ich  I a l s o  c o n s id e r e d  th e  p o s s ib le  r o l e  of th e  b lood  
v e lo c i ty  th ro u g h  th e  d i a l y s e r .
F in a l ly ,  one l a s t  g e n e r a l  c o m m e n t  i s  w o r th w h ile  r e p e a t in g .
T he  fac t  th a t  f ib r in  f o r m a t io n  (o r ,  a t  l e a s t ,  th e  f o r m a t io n  of 
f i b r i n - l i k e  m a t e r i a l )  c a n  ta k e  p la c e  in  th e  v ic in i ty  of p l a t e l e t s  
in th e  p r e s e n c e  of h e p a r in  h a s  im p o r ta n t  im p l i c a t io n s  in  the  s tu d y  
of c l in ic a l  t h r o m b o s i s  and  i t s  m a n a g e m e n t .
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P a p e r  4 - A d d it io n a l  Study
I n t e r - r e l a t i o n s h i p  of so m e  f a c t o r s  in  b lood  r e t e n t io n  
in  d ia ly s i s  s y s t e m s
M ethods
P la t e l e t  c o u n ts  on r e g u l a r  d ia ly s i s  p a t ie n t s  w e r e  c a r r i e d  out by 
th e  m e th o d  of D ac ie  and  L e w is  (1970) b e fo re  and  im m e d ia te ly  a f t e r  
d i a ly s i s  by  th e  fo l low ing  d i a l y s e r s  : -
th e  G a m b r o - A lw a l l ,  th e  G a m b r o - L u n d ia ,  th e  T r a v e n o l  U l t r a - F l o  100, 
th e  C o r d i s  Dow H ollow  F i b r e  A r t i f i c i a l  K id n ey  ( H .F ,  A .K .  ) M odel 3, 
th e  R h o n e - P o u le n c ,  a n d  th e  E x t r a  C o r p o r e a l  E X 0 3 .
A ny p o s t - d i a l y s i s  fa l l  in p la te le t  count w a s  e x p r e s s e d  a s  a  p e r c e n ta g e  
of th e  p r e - d i a l y s i s  co u n t.  T h e  d ia ly s i s  m e m b r a n e s ,  th e  ty p e  of w h ich  
w as  n o te d ,  w e r e  e x a m in e d  m a c r o s c o p ic a l l y  and  by  s c a n n in g  e l e c t r o n ­
m ic r o s c o p y  f o r  th e  p r e s e n c e  of th r o m b u s  w hich  w as  g r a d e d  s im p ly  a s  
be in g  p r e s e n t  (+) o r  a b se n t  ( - ) .  T he  d ia ly s e s  w e re  c o n d u c te d  w ith  a 
b lood  flow  r a t e  of 220 m l / m i n ,  and  f ro m  t h i s ,  and  th e  a p p r o p r i a t e  
b lood c o m p a r tm e n t  c r o s s - s e c t i o n a l  a r e a s ,  th e  l i n e a r  v e lo c i ty  of th e  
b lood  th r o u g h  e a c h  d i a l y s e r  w as  c a lc u la te d .  T he  v a lu e s  f o r  th e  b lood  
c o m p a r tm e n t  c r o s s - s e c t i o n a l  a r e a s  w e r e  e s t i m a te d  f ro m  th e  wet 
p r im in g  v o lu m e  of th e  d i a l y s e r ' s  b lood  c o m p a r tm e n t ,  a s  m e a s u r e d  at 
a tm o s p h e r i c  p r e s s u r e ,  and  f ro m  th e  d im e n s io n s  of th a t  b lood  
c o m p a r tm e n t .  T h e  b lood  l i n e a r  v e lo c i t i e s  w e re  e x p r e s s e d  a s  h igh  
(>  5 c m / s e c .  ) o r  low  ( <  5 c m / s e c .  ). T h e  m e a n  b lo o d  l o s s  f ig u r e s  f o r  
e a c h  d i a l y s e r  w e r e  t a k e n  f ro m  p r e v io u s  r e s u l t s ,  ( p a p e r  2).
R e s u l t s
T h e s e  a r e  show n in  T a b le  III.
C o m m e n t
T he  r e s u l t s  su g g e s t  th a t  a  l a r g e  fa l l  in th e  p a t i e n t ' s  p la te le t  
coun t i s  a s s o c i a t e d  w ith  th r o m b u s  f o r m a t io n  on th e  d ia ly s i s  m e m b r a n e s  
and  a h ig h e r  d i l a y s e r  b lood  lo s s  shou ld  t h e r e  be a  low  b lood  l i n e a r
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v e lo c i ty  th ro u g h  th a t  d i a l y s e r .
It i s  p o s s ib le ,  t h e r e f o r e ,  th a t  th e  l i n e a r  v e lo c i ty  of b lood  
t r a v e l l i n g  a c r o s s  th e  m e m b r a n e  s u r f a c e  m a y  in f lu e n c e  th r o m b u s  
f o r m a t io n  upon  th a t  s u r f a c e .  M u ir  ( p e r s o n a l  c o m m u n ic a t io n )  h a s  
c a r r i e d  out e x p e r im e n t s  u s in g  th e  R o s s - M u i r  d i a l y s e r  and  found 
th a t  t h r o m b u s  f o r m a t io n  o c c u r r e d  on c e l l u l o s e - b a s e d  d ia ly s i s  
m e m b r a n e s  i f  th e  a v e r a g e  l i n e a r  b lood  v e lo c i ty  f e l l  be low  5 cm  / s e c .  
and  r e m a in e d  so  f o r  f ive  h o u r s .  T h e s e  e x p e r im e n t s  w e r e  c a r r i e d  
out in  v iv o  w ith  fu l ly  h e p a r in i s e d  c i r c u la t in g  b lo o d . We (D r .  M u ir ,  
D r .  D a v id so n  and  m y s e l f )  o r ig in a l ly  s u g g e s te d  th a t  a  low  b lood  
l i n e a r  v e lo c i ty  w as  th e  m a j o r  f a c to r  in th e  h ig h  b lo o d  l o s s  of th e  
G a m b ro -A lw a l l  d i a l y s e r  (M u ir  et a l ,  1970). I now  doubt th a t  t h i s  
i s  th e  c a s e  f o r  th e  l i n e a r  v e lo c i ty  of b lood  p a s s in g  th ro u g h  o th e r  
p a r a l l e l - f l o w  d i a l y s e r s ,  e . g .  R h o n e -P o u le n c ,  K ii l ,  and  G a m b r o -  
L u n d ia  is  u n d e r  5 cm  / s e c .  and  th e s e  d i a ly e r s  do no t h a v e  a  p ro b le m  
w ith  in  v iv o  th r o m b u s  f o r m a t io n .  H o w ev e r ,  th e  l i n e a r  b lood  
v e lo c i ty  m a y  be of s e c o n d a r y  im p o r ta n c e  in a  s i tu a t io n  w h e re  th e  
d ia ly s i s  m e m b r a n e s  c a u s e  m u c h  r e te n t io n  of p l a t e l e t s ,  a  low  
v e lo c i ty  e n c o u r a g in g  th r o m b u s  f o r m a t io n  w h ile  a  h ig h  v e lo c i ty  is  
p r o t e c t i v e .  F o r  e x a m p le ,  th e  T r a v e n o l  U l t r a - F l o  100 co il  w ith  
P T  300 m e m b r a n e s  c a u s e s  a  l a r g e  d ro p  in th e  p la te le t  coun t y e t ,  
u n l ik e  th e  G a m b ro -A lw a l l  s i tu a t io n ,  no  s ig n if ic a n t  t h r o m b u s  
fo r m a t io n  t a k e s  p la c e .  (T ab le  III). On th e  o th e r  h an d  th e  s a m e  
d i a l y s e r  w ith  th e  t h i n n e r  P T  150 m e m b r a n e s  and  th e  E X 0 3  d i a ly s e r ,  
w hich  a l s o .h a s  P T  150 m e m b r a n e s ,  have  th e  s a m e  b lo o d  l i n e a r  
v e lo c i ty  and  do n o t  c a u s e  any  s ig n if ic a n t  fa l l  in  p la t e l e t  count a f t e r  
d ia ly s i s .  T h e s e  f a c t o r s  su g g e s t  th a t  th e  n a tu r e  of th e  m e m b r a n e  
s u r f a c e  i s  of m a j o r  im p o r ta n c e  in  p la te le t  r e te n t io n  and  p e r h a p s ,  
t h e r e f o r e ,  in th r o m b u s  f o r m a t io n  and  th i s  i s  d i s c u s s e d  fu l ly  in 
P a p e r  7.
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P a p e r  5. R ed u c tio n  of th r o m b u s  f o r m a t io n  on d i a l y s e r  
m e m b r a n e s  by  a s p i r i n  and  RA. 2 33 (1972)
L a n c e t  ii^, 1 2 8 7 -1 2 9 0 . R. M. L in d sa y ,  C . R . M .  P r e n t i c e ,
D. F e r g u s o n ,  J . A .  B u r to n  and G. P .  M cN ico l .
P u r p o s e  of In v e s t ig a t io n
In P a p e r  4 we h a d  o b s e r v e d  a fa l l  in  p la te le t  c o u n ts  of p a t ie n t s  
u n d e rg o in g  G a m b ro -A lw a l l  d i a ly s e s .  We b e l ie v e d  t h i s  fa l l  to  be 
s e c o n d a r y  to  th e  r e t e n t io n  of p l a t e l e t s  by th e  d i a ly s i s  m e m b r a n e s  and  
h ad  f o r m e d  th e  h y p o th e s i s  th a t  t h i s  p la te le t  r e t e n t io n  m a y  be  an 
im p o r ta n t  e a r l y  s te p  in a r e a c t io n  le a d in g  to  su b se q u e n t  t h r o m b u s  
fo r m a t io n .  T h is  p r e s e n t  s tu d y  w a s  d e s ig n e d  to  t e s t  w h e th e r  
in h ib it io n ,  of p la t e l e t  fu n c tio n  m ig h t  l e s s e n  p la te le t  r e t e n t io n  and 
th r o m b u s  fo r m a t io n  w ith in  th e  d i l a y s e r .
P e r s o n a l  C o n t r ib u t io n
T h e  s tu d y  w as  in s t ig a te d  an d  p lan n ed  jo in t ly  by m y s e l f .  D r .  
P r e n t i c e  and  D r .  M cN ico l.  T h e  d ia ly s e s  w e r e  s u p e r v i s e d  by m y s e l f  
and  D r .  B u r to n .  I w a s  h e lp e d  in  th e  e x p e r im e n ta l  w o rk  by D r .  
B u r to n  (who c a r r i e d  out m o s t  of th e  b lood  l o s s  e s t i m a t i o n s ) ,  by  
M r. F e r g u s o n  (a m e d ic a l  s tu d en t  who h e lp e d  w ith  th e  e s t im a t io n  of 
p la te le t  a d h e s iv e n e s s )  and  by  o u r  t e c h n ic ia n s  (M is s  M a r t in ,  M iss  
G ra n t  and  M is s  Sm ith) who h e lp e d  w ith  th e  v a r i o u s  c o a g u la t io n  t e s t s .  
I w a s  r e s p o n s ib l e  f o r  th e  i n t e r p r e t a t i o n  of th e  r e s u l t s ,  th e  
s t a t i s t i c a l  a n a ly s e s  and  th e  w r i t in g  of th e  p a p e r .
R eprin ted from T H E  LANCET,December 16, 1 9 7 2 ,pp. 1287-1290
REDUCTION OF THROMBUS FORMATION 
ON DIALYSER MEMBRANES BY 
ASPIRIN AND RA 233
R. M . L in d sa y  C . R. M . P rentice
D. F erguson  J. A. B u r t o n
G . P . M cN ic o l *
University Department o f Medicine^
Glasgow R oyal Infirmary,
Glasgow G 4 OSF
„ Thrombus formation, despite efficient
um m ary  anticoagulation, takes place on
the dialysis membranes of the Gambro-Alwall dialyser, 
causing a high blood-loss to the patient. This thrombus 
formation is associated with a fall in the patient’s 
platelet-count over the course of dialysis. To test the 
hypothesis that platelet retention on these membranes 
is an early step in the reaction leading to thrombus 
formation, a double-blind trial of anti-platelet agents 
(aspirin and a pyrimido-pyrimidine compound [RA 
233]) was carried out. These agents significantly 
lowered platelet-adhesiveness, reduced the fall in 
platelet-count over the duration of dialysis, abolished 
the significant fall in plasminogen level seen during 
placebo therapy, and reduced the dialyser blood-loss. 
The results of the trial support the initial hypothesis 
and also suggest that these anti-platelet agents may 
be valuable in preventing thrombotic disease.
Introduction
H æ m o d i a l y s i s  using certain dialysers may be 
associated with a high patient blood-loss due to throm­
bus formation on the ‘ Cuprophan ’ membranes of the 
dialyser.'*® This blood-loss may aggravate the 
anæmia of the regular dialysis patient by causing iron 
deficiency and should be avoided since blood- 
transfusion is undesirable in these patients because of 
the risks of hepatitis.^ Thrombus formation upon the
* P r e s e n t  a d d r e s s :  M a r t in  W in g ,  G e n e r a l  I n f ir m a r y ,  L e e d s  L S I  3 E X ,
t  W e  w i s h  t o  p o in t  o u t  th a t  t h e  G a m b r o - A lw a l l  d ia ly s e r  is  n o w  o b s o le t e .  
I t s  s u c c e s s o r ,  t h e  G a m b r o - L u n d ia ,  i s  n o t  a s s o c ia t e d  w i t h  th e  
o c c u r r e n c e  o f  t h r o m b u s  f o r m a t io n  u p o n  it s  m e m b r a n e s  a n d  h a s  a  
l o w  r e s id u a l  b lo o d - v o lu m e .
membranes of the Gambro-Alwall dialyser t  is associ­
ated with a fall in platelet-count in patients because of 
the retention of platelets within the dialysis mem­
branes.* Since this thrombus formation takes place 
despite efficient heparin anticoag^ulation, it is possible 
that the platelet retention on the dialysis membrane 
is an important step in the reaction leading to thrombus 
formation. Accordingly, we have carried out a trial 
of anti-platelet agents on patients undergoing Gambro- 
Alwall dialyses to find out whether these compounds 
can reduce the degree of thrombus formation and 
retention of blood within the dialyser.
M ethods
Nine regular dialysis patients (seven males and two 
females) consented to the study. Each patient was dialysed 
by the Gambfo-Alwall system in four distinct treatment 
weeks separated by rest intervals of 2 weeks. During each 
treatment week the patient received one of the following 
regimens: placebo medication; soluble aspirin (0 6 g. per 
day); RA 233, which is 2,6-bis(diethanolamino)-4-piperi- 
dinopyrimido-(5,4-d) pyrimidine (1 g. per day); both soluble 
aspirin and RA 233 together. The drugs and identical 
placebos were prepared by Boehringer Ingelheim, Isle- 
worth, Middlesex, and were administered by the hospital 
pharmacist on a randomised double-blind basis. During 
each rest period the patients received no drugs and returned 
to the routine dialysis programme of our unit. During 
each treatment period the patients had two dialyses, the
Fig. 1— S can nin g  e lec tron  m icrograp h  o f  d ia ly sis  m em b ran e  
fro m  the G a m b ro -A lw a ll d ia ly ser  a fter  use.
Red blood-ceils and platelets are seen ensnared in fibrin 
strands. Reduced to a ( of X  1000.
first of which was 48 hours after the start of the drugs. 
The dialyses were carried out with standard procedures as 
described previously.^»® All patients were heparinised 
during dialysis with 4000 units of heparin per hour to 
maintain the clotting-time at 37'*C in excess of 45 minutes. 
At the end of each dialysis 100 mg. of protamine 
sulphate was given into the dialyser “ venous line 
this was sufficient to return the thrombin clotting-time to 
normal. At no time did protamine sulphate, an agent known 
to precipitate fibrinogen,’ come into contact with the 
dialyser.
Blood was drawn into plastic syringes at the start of 
dialysis and at 5 minutes after the protamine-sulphate 
administration at the end of dialysis. Blood was mixed with 
3-8% sodium citrate, 9 parts to 1 by volume; it was 
kept at 4°C for coagulation and at 20°C for platelet 
studies. Platelet-counts were carried out by the method 
of Dacie and Lewis.® Platelet-adhesiveness was estimated 
using the membrane test cell described by Lindsay et al.® 
Factor V/® fibrinogen/^ plasminogen,^® and fibrin/ 
fibrinogen degradation products ( f . d . p . )  in the serum 
(determined by using blood clotted with 1 mg. tranexamic 
acid) were assayed.
The residual blood-volume of each dialyser was estimated 
using chromium-51 labelling of the patients’ red blood­
ed Is as described elsewhere.^»® The labelling of the 
patients’ red blood-cells was carried out twice ; initially 
on the morning of the first dialysis during the first treatment 
period and, again, 6 weeks later on the morning of the 
first dialysis of the third treatment period. On each 
occasion 120 (jtCi of chromium-51 was used.
With every investigation the values from each individual 
patient-treatment period was the mean value obtained from 
the two individual dialyses. Statistical analysis of the results 
are based on paired t tests.
PRE-DIALYSIS AND POST-DIALYSIS FACTOR V AND PLASMINOGEN 
VALUES FOR EACH TREATMENT PERIOD
T r e a t m e n t
F a c t o r  V  ( r a e a n i s . D . ,  
u n i t s / 1 0 0  m l . )
P l a s m i n o g e n  
( m g .  p e r  1 0 0  m l . ,  
m e a n ± s . D . )
P r e - d i a ly s i s P o s t - d ia ly s i s P r e - d i a ly s i s P o s t - d ia ly s i s
P l a c e b o 1 1 7 ± 4 1 1 6 2  ± 4 5 2 -9  ± 0 - 8 2  3  ± 0  9
(p  <  0 - 0 5 ) ( p < 0  0 1 )
A s p ir in 1 2 2  ± 2 6 1 5 7  ± 5 2 2 - 7 ± M 2  6 ± 1 ' 0
(n . s .) (N .s .)
R A 2 3 3 1 1 5 ± I 8 1 9 1  ± 7 4 2 - 4 ± 0 - 8 2 - 4  ± 0 - 8
(P <  0 - 0 0 2 5 ) (N .S .)
A s p ir in  a n d 1 0 3  ± 6 9 1 5 0  ± 4 2 2 - 3  ± 0 - 6 2  2 ± 0  9
R A  2 3 3 (p  <  0  0 0 5 ) (N .S .)
T h e  s ig n i f i c a n c e  o f  a n y  c h a n g e  i s  in d ic a t e d  b y  t h e  P v a lu e s  i n  p a r e n t h e s e s .  
N .s . =  N o t  s ig n i f i c a n t .
4Results
The typical appearance of the Gambro-Alwall 
dialyser membrane after use is shown in fig. 1, In 
this photomicrograph, obtained with the scanning 
electron microscope, red blood-cells and smaller 
particles, which probably represent platelets, are seen 
bound together by fibrin-like strands.
In f ig . 2  the mean ( -f s .d .) values for platelet- 
adhesiveness are shown for each of the treatment 
periods. It can be seen that the anti-platelet agents, 
singly or in combination, significantly reduced platelet- 
adhesiveness. There was no significant difference in 
the platelet-adhesiveness values obtained during the 
different periods of active drug therapy.
The fall in the patients’ platelet-count over the 
course of dialysis expressed as a percentage of the 
pre-dialysis count is shown in fig. 3 for each treatment 
period. The mean value during the placebo period 
was 3T ’m„ which fell to 22“(, while on aspirin therapy; 
this fall was not statistically significant with the 
numbers of patients involved, RA 233 and combination 
therapy, however, did significantly reduce the fall in 
platelet-count compared to the placebo group.
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Fig, 4—Dialyser residual blood-volume C‘* blood-loss ”) (mean:!:
S.D.) during treatment with placebo and anti-platelet agents.
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Fig. 2—Platelet-adhesiveness values (m ean ± S.D.) of regular 
dialysis patients during treatment with placebo and anti- 
platelet agents.
A significant increase in factor V over the course of 
dialysis was noted during the placebo, RA 233, and 
aspirin and RA 233 treatment periods (see accompany­
ing table); the apparent increase during aspirin 
therapy was not significant. When the increments for 
each period were expressed as a percentage of the 
pre-dialysis value, it was found that there was no 
significant difference between the increment found 
during placebo therapy and that obtained during 
treatment with active agents. A significant fall in 
plasminogen level was noted over the course of dialysis 
during placebo therapy (see table); no significant 
changes occurred during aspirin, RA 233, or combi­
nation therapy.
No significant changes were noted in the patients’ 
fibrinogen or f .d .p . levels over the course of dialysis 
during any of the treatment periods.
The mean ( ± s .d .) volume of blood remaining in the 
dialysers after use during each of the treatment periods 
is shown in fig. 4, The mean value for the dialyser 
blood-loss during the placebo period was 36 ml. This 
fell significantly to 22, 24, and 22 ml. with aspirin, 
RA 233, and combination treatment, respectively.
Discussion
The use of the Gambro-Alwall dialyser is associated 
with a high blood-loss due to thrombus formation on 
the dialysis membranes (fig. 1), despite the fact that the
40
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R A  233
p>0-0S p<0-0005 p<0-005
FIg. 3—Faïl in plntelet-count (mean ±  S.D.) over the duration
of dialysis during treatment with placebo and anti-platelet
agents.
patient is adequately anticoagulated with heparin.® 
During the course of dialysis several changes in haemo­
static function were noted; namely, a fall in platelet- 
count, rise in factor-V level, and fall in the plasminogen 
level.® The fall in the platelet-count was secondary 
to the retention of platelets within the dialyser, suggest­
ing that the platelet retention by the dialysis mem­
branes may be an important early step leading to 
subsequent thrombus formation.® The present study 
was designed to test whether therapeutic inhibition of 
platelet function might lessen platelet retention and 
thrombus formation within the dialyser.
Salicylates are known to inhibit the platelet-release 
reaction triggered by adenosine diphosphate or 
collagen. '  ^ *® Aspirin, in doses as low as 0 15-0 3 g. 
daily, will reduce the platelet-aggregation induced by 
collagen ' ® and lower platelet-adhesiveness. ' ® Dosages
of 0-6 g. daily also reduce platelet-adhesiveness.®-'® 
RA 233 is a new pyrimido-pyrimidine compound 
which is a powerful inhibitor of platelet aggregation 
and platelet-adhesiveness.®®
T he results of the present study show that the 
ingestion of both soluble aspirin and RA 233 reduced 
platelet-adhesiveness as measured by the retention of 
platelets within a test cell lined by cuprophan dialysis 
membrane. The potency of both drugs in this system 
seemed the same and the use of combination therapy 
did not seem to produce a greater reduction in platelet- 
adhesiveness. The reduction in platelet-adhesiveness 
induced by aspirin and RA 233 was associated with a
reduction of the decrease in platelet-count usually 
seen after dialysis. This suggests that fewer platelets 
were retained within the membranes of the dialyser 
during these periods.
One advantage of using the membrane test cell is 
that platelet-adhesiveness seems to be almost indepen­
dent of the hœmatocrit,® In  contrast, in the glass- 
bead-column technique there is a strong correlation 
between platelet-adhesiveness and hœmatocrit.®'*®® 
Since almost all patients with chronic renal failure 
have low hæmatocrits, the finding that uraemic 
patients have lowered platelet-adhesiveness must be 
interpreted with caution. T he initial mean platelet- 
adhesiveness of these uraemic patients was 28%db6°„ 
( ± s .D .) ,  which was not significantly different from the 
mean value of 31% ± 9%  ( ± s .d . )  found in 52 healthy 
control subjects.®
Evidence that thrombus formation was reduced by 
the anti-platelet agents was given by the dialyser 
blood-loss values. During placebo ingestion the 
mean blood-loss was 36 ml. and this figure was reduced 
to just over 20 ml. per dialysis during active treatment 
periods. This supports our initial hypothesis that 
platelet retention by the dialysis membranes is an 
important early step in the reaction which proceeds to 
thrombus formation upon the membranes. Other 
workers have studied thrombus formation on materials 
used in cardiovascular surgery (e.g., ‘ Teflon 
‘ Silastic ’) and they also suggest that platelet retention 
to these materials is an important step in thrombus 
formation.®^"®’ Salzman has agreed that it is 
customary to view surface-induced thrombosis as 
chiefly, if not exclusively, a platelet problem.
Consideration of the plasminogen levels also 
suggests that the reduction in platelet retention by the 
dialysis membranes reduces thrombus formation. A 
fall in plasminogen, over the course of dialysis, only 
occurred during the placebo treatment period (see table). 
I t is likely that the presence of fibrin within the 
extracorporeal circuit brought about the conversion 
of plasminogen to plasmin, with a consequent fall 
in the former. On the other hand, the increase in 
factor V was not influenced by anti-platelet prepara­
tions, suggesting that activation of this component took 
place independently of platelet activity.
Although no patient experienced any hœmorrhage 
or other side-effects as a result of the administration 
of the drugs in the present study, we would not
8suggest that they be used therapeutically for the 
dialysis patient in view of the hsemorrhagic risk when 
anti-platelet agents and heparin are used concurrently. 
Rather, we recommend that studies of the thrombo- 
genic properties of dialysis membranes be continued 
with special reference to platelet adhesion to different 
dialysis membranes. It has been shown that certain 
cellulose-based membranes attract more platelets 
than do others,® Additionally, if PT  250 membranes 
are substituted for the P T  325 membranes of the 
Gambrc-Alwall dialyser, the in-vivo blood-loss is 
reduced to under 20 ml. per dialysis.®
The present study, nevertheless, confirms that 
anti-platelet agents may be of therapeutic value in the 
prevention of intravascular thrombus formation. 
Dipyridamole (‘ Persantin *) has been shown to 
inhibit thrombus formation at sites of vascular injury 
in laboratory animals,®® and Sullivan et al,®® reported 
a significant decrease of thromboembolic incidents 
in patients with prosthetic heart-valve replacement who 
were treated with combined dipyridamole and anti­
coagulant therapy compared with those treated with 
anticoagulants alone. RA 233, a new analogue of 
dipyridamole, is likely to be of similar value. Finally, 
it may be that the extracorporeal circuit used in the 
present study might provide a suitable model for 
studies on intravascular thrombosis.
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C o m m e n t
T h is  s tu d y  c o n f i r m e d  o u r  h y p o th e s i s  th ? t  th e  th r o m b u s  
f o r m a t io n  on th e  d i a ly s i s  m e m b r a n e s  w a s ,  a t  l e a s t ,  p a r t l y  due to  
p la te le t  r e t e n t io n  by t h e s e  m e m b r a n e s .  T h i s  i s  in  k e ep in g  w ith  the  
v ie w s  of m o s t  w o r k e r s  in v o lv ed  in  th e  s tu d y  of t h r o m b u s  f o r m a t io n  
upon  n o n -b io lo g ic a l  s u r f a c e s  (S a lzm an ,  1971). It w as  now obv ious  
th a t  m y  f u r t h e r  s tu d ie s  sh o u ld  fo c u s  on th e  th r o m b o g e n ic  p r o p e r t i e s  
of d i a ly s i s  m e m b r a n e s  w ith  a  s p e c ia l  r e f e r e n c e  to  p la te le t  r e te n t io n  
by  th e m .  A p re v ie w  of t h i s  w o rk ,  w hich  i s  d e a lt  w ith  in  C h a p t e r  5, 
i s  m e n t io n e d  in  th e  D is c u s s io n  of t h i s  p a p e r .
T he  m e th o d  f o r  th e  m e a s u r e m e n t  of p la te le t  a d h e s iv e n e s s  u s e d  
in  th i s  s tu d y  i s  d e s c r ib e d  in  d e ta i l  in  P a p e r  6.
T h is  in v e s t ig a t io n ,  a g a in ,  h a d  an  a d d i t io n a l  m o r e  g e n e r a l  
i n t e r e s t  in  th a t  it s u g g e s t s  th a t  a n t i - p la t e l e t  a g e n ts  m a y  h a v e  a r o le  
in  th e  p re v e n t io n  of i n t r a v a s c u l a r  t h r o m b u s  f o r m a t io n .  T h is  s tudy  
i s ,  in c id e n t ly ,  th e  f i r s t  in  v ivo  r e p o r t  of an  a n t i - t h r o m b u s  e ffec t 
by  th e  an a lo g u e  of d ip y r id a m o le  RA 233. It m a t  be thp t e x t r a c o r p o r e a l  
c i r c u i t s ,  s i m i l a r  to  th e  one u s e d  in  th i s  s tudy , p ro v id e  a  s u i ta b le  
m o d e l  fo r  s tu d ie s  on i n t r a v a s c u l a r  t h r o m b o s i s  an d  i t s  m o d if ic a t io n  
o r  p r e v e n t io n  by  d r u g s .
In D is c u s s io n  b r i e f  m e n t io n  i s  m a d e  of an  i n t e r e s t i n g  c o in c id e n ta l  
find ing ; th e  p la te le t  a d h e s iv e n e s s  v a lu e s  of o u r  r e g u l a r  d ia ly s i s  
p a t i e n t s ,  w h ile  not on a c t iv e  d r u g s ,  w e re  n o r m a l .  T h i s  i s  in  c o n t r a s t  
w ith  th e  f in d in g s  of L a r s s o n  (1971) who found th a t  th e  d e c r e a s e d  r e t e n t i o n  
of p l a t e l e t s  in  a  g l a s s  b e a d  c o lu m n , o c c u r r i n g  in  n o n - d ia ly s e d  
u e a e m i c s ,  o ften  p e r s i s t e d  a f t e r  r e g u l a r  d i a ly s i s  h a d  c o m m e n c e d .
A s  t h e r e  i s  a  s t r o n g  c o r r e l a t i o n ,  w ith  th e  g l a s s - b e a d - c o l u m n  te c h n iq u e ,  
b e tw ee n  p l a t e l e t - a d h e s i v e n e s s  and  h a e m a to c r i t  (H e l le m , 1960;
H a s s a n e in ,  1968; E k n o y an  et a l ,  1969) and  a s  a lm o s t  a l l  p a t ie n t s  
w ith  c h ro n ic  r e n a l  f a i l u r e ,  d ia ly s e d  o r  c o n s e r v a t iv e ly  t r e a t e d ,  h av e  
low h a e m a to c t i t s ,  th e  f ind ing  th a t  u r a e m i c  p a t ie n t s  h a v e  lo w e re d  
p la te le t  a d h e s iv e n e s s  m u s t  be  t r e a t e d  w ith  c a u t io n .  It m a y  be th a t
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n e w e r  t e c h n iq u e s  in  e v a lu a t in g  p la te le t  fu n c tio n ,  su ch  a s  th e  
m e m b r a n e  t e s t  c e l l  s y s te m  ( P a p e r  6), w ill  en ab le  m o r e  
s o p h is t i c a te d  s tu d ie s  of th e  p la te le t  d e fec t  in  u r a e m i a .
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C h a p t e r  4 - S u m m a r y  - T h r o m b u s  F o r m a t io n  D u r in g  D ia ly s i s
In t h i s  c h a p te r  of th e  t h e s i s  I h av e  se t  out th e  d a ta  c o n f i rm in g  
th a t  t h r o m b u s  f o r m a t io n  m a y  ta k e  p la c e  upon d i a ly s i s  m e m b r p n e s  in 
sp i te  of a d e q u a te  h e p a r in i s a t io n  ( P a p e r  4) and  th a t  t h i s  i s  a s s o c i a t e d  
w ith  d e m o n s t r a b l e  c h a n g e s  in  th e  h a e m o s ta t i c  s t a t u s  of th e  p a tie n t  
o v e r  th e  c o u r s e  of a d ia ly s i s  ( P a p e r  4). A c o n s id e r a b le  fa l l  in  th e  
p la te le t  coun t i s  s e e n ,  w ith  a n  e v a lu a t io n  of f a c t o r  V and a fa l l  in  the  
p la s m in o g e n  l e v e l .  T he  r i s e  in  f a c to r  V i s  a s s o c i a t e d  w ith  a fa l l  in 
th e  p a r t i a l  th r o m b o p la s t in  t im e  and in d ic a te s  a c t iv a t io n  of th e  
c o a g u la t io n  c a s c a d e  m e c h a n i s m ,  w hile  th e  fa l l  in  p la s m in o g e n  s u g g e s t s  
th a t  th e  f ib r in o ly t ic  s y s te m  h a s  b e en  a c t iv a te d  by th e  p r e s e n c e  of 
f ib r in .  It i s  i n t e r e s t i n g  th a t  p o s t - d i a l y s i s  f a l l s  in  p la t e l e t  count 
( P a p e r  4 - A d d it io n a l  Study) and  p la sm in o g e n  l e v e l s  ( P a p e r  4; P a p e r  5) 
m a y  be in d ic a t io n s  of t h r o m b u s  fo r m a t io n  on th e  m e m b r a n e s  w hich , 
in  t u r n ,  i s  in v a r i a b ly  a s s o c i a t e d  w ith  a h ig h  d i a l y s e r  b lood  lo s s  
( P a p e r  2; P a p e r  4 - A d d it io n a l  Study). If m u c h  th r o m b u s  fo r m a t io n  
h a s  t a k e n  p la c e  upon th e  d ia ly s i s  m e m b r a n e s  th e n  th e  v o lu m e  of b lood  
r e m a in in g  in  th e  d i a l y s e r  i s  u n l ik e ly  to  be in f lu e n c e d  to  any  ex ten t by 
e i t h e r  th e  te c h n iq u e  o r  th e  v o lu m e  of w a s h - b a c k .  I d e m o n s t r a t e d  t h i s  
u s in g  v o lu m e s  of s a l in e  in  an  a t te m p t  to  r e d u c e  th e  b lood  l o s s  c a u s e d  
by th e  C o r d i s  Dow H. F .  A . K. ( P a p e r  2).
B lood  c i r c u l a t i n g  w ith in  th e  body h a s ,  e f fe c t iv e ly ,  an  in f in i te  
c lo t t in g  t i m e .  H o w e v e r ,  w hen b lood  c o m e s  in  c o n ta c t  w ith  a  fo re ig n  
s u r f a c e ,  c o a g u la t io n  m a y  o c c u r  w ith in  m in u te s .  F u r t h e r m o r e  th e s e  
s tu d ie s  h a v e  show n th a t  h e p a r in  a n t ic  oagul at ion  d o e s  not n e c e s s a r i l y  
p re v e n t  c o a g u la t io n  on fo r e ig n  s u r f a c e s .  In r e c e n t  y e a r s  t h e r e  h a s  
b e en  a s e a r c h  f o r  a r t i f i c i a l  s u r f a c e s  of low  th r o m b o g e n ic i ty  fo r  u s e  in  
c a r d i o v a s c u l a r  s u r g e r y  but t h e r e  h a s  b e en  c o m p a r i t i v e ly  l i t t l e  i n t e r e s t  
in  th e  th r o m b o g e n ic i ty  of th e  m a t e r i a l s  u s e d  in  th e  e x t r a c o r p o r e a l  
c i r c u i t  of th e  a r t i f i c i a l  k id n ey  o r  in  th e  f a c t o r s  le a d in g  to  th r o m b u s  
fo r m a t io n  on th e m .
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So f a r ,  I h a v e  d e m o n s t r a t e d  th a t  p la te le t  r e t e n t io n  by th e  
d ia ly s i s  m e m b r a n e s  p la y s  an  im p o r ta n t  ro le  in  t h r o m b u s  f o r m a t io n  
upon th e m  ( P a p e r  5) and  h a v e  s u g g e s te d  th a t  th e  l i n e a r  v e lo c i ty  of 
b lood  t r a v e l l i n g  a c r o s s  th e  m e m b r a n e  s u r f a c e  m a y  p la y  a m in o r  
ro le  ( P a p e r  4 - A d d it io n a l  Study).
T h e  fo r m  of a n t ic o a g u la t io n  u s e d  d u r in g  h a e m o d i a ly s i s  
o b v io u s ly  m e r i t s  c o n s id e r a t io n .  L ong  t e r m  o r a l  a n t ic o a g u la n ts ,  
su ch  a s  W a r f a r in ,  g iven  in  ad d i t io n  to  h e p a r in i s a t i o n  d u r in g  
d ia ly s i s  m a y  r e d u c e  th r o m b u s  fo r m a t io n  by t h e i r  a c t io n  on th e  
v i ta m in  K d ep en d en t f a c t o r s  but t h e r e  i s  d is p u te  a s  to  w h e th e r  th e y  
h av e  an y  s ig n if ic a n t  a n t ip la te l e t  e f fec t  (H e llem  and  S to rm o k e n ,  19 69) 
w h ich  m a y  be  of g r e a t e r  im p o r ta n c e .  F u r t h e r m o r e  th e  s e r i o u s  
c o m p l ic a t io n s  of lo n g  t e r m  a n t i  c o ag u la t io n  a r e  w e ll  know n in  
d ia ly s i s  u n i t s  f r o m  th e  d a y s  w hen  a r t e r io v e n o u s  s h u n ts  w e re  
c o m m o n ly  u s e d .  A n c ro d  w ith  i t s  u n ique  e ffec t  upon  f ib r in o g e n ,  h a s  
b e en  u s e d  in  p la c e  of h e p a r in  a s  an  a n t ic o a g u la n t  d u r in g  d ia ly s i s  and  
w as  o b s e r v e d  to  r e d u c e  th e  fo r m a t io n  of f ib r in  on, and  th e  r e te n t io n  
of w h ite  b lood  c e l l s  by, th e  m e m b r a n e s  of a  K il l  d i a l y s e r  (H all et 
a l ,  1970). H o w e v e r ,  it w ould  be  i m p r a c t i c a l  to  u s e  t h i s  d ru g  
ro u t in e ly  f o r  d ia ly s i s  a s  i t s  a d m in i s t r a t i o n  i s  m o r e  c o m p le x  th a n  
h e p a r in i s a t i o n  and , a s  it  i s  not e a s i ly  n e u t r a l i s e d ,  th e  p a t ie n t  would  
h a v e  a h y p o f ib r in o g e n a e m ic  c lo t t in g  d e fec t  f o r  s o m e  t im e  a f t e r  
d ia ly s i s  w h ich  m ig h t ,  i n t e r  a l i a ,  l e a d  to  a h ig h  b lo o d  l o s s  f ro m  
a r t e r io v e n o u s  f i s tu la  c a n n u la t io n  s i t e s .  T he  u s e  of a n t ip la te l e t  
p r e p a r a t i o n s ,  su ch  a s  so lu b le  a s p i r i n  on a long  t e r m  b a s i s ,  c an  
r e d u c e  d i a l y s e r  b lood  lo s s  ( P a p e r  5) but th e  r i s k  of s id e  e f fe c t s  
su ch  a s  g a s t r o i n t e s t i n a l  b le e d in g  i s  a  c o n t r a - in d i c a t i o n .  I do not 
th in k ,  t h e r e f o r e ,  th a t  an y  c h a n g e s  in  th e  c u r r e n t  p o l ic y  of a n t i ­
c o a g u la t io n  d u r in g  d i a ly s i s  a r e  in d ic a te d  f o r ,  in  th e  m a j o r i t y  of 
c a s e s ,  d i a l y s e r  th r o m b u s  fo r m a t io n  i s  m in im a l  and , t h e r e f o r e ,  th e  
u s e  of h e p a r in  i s  s a t i s f a c t o r y .  It i s  m o r e  lo g ic a l  to  id e n t i fy  and  u s e  
l e s s  th ro m b o g e n ic  m a t e r i a l s  w ith in  d i a l y s e r s  th a n  to  a t t e m p t  to  
r e d u c e  t h r o m b u s  fo r m a t io n  by  d r u g s .  T h e r e f o r e ,  in  C h a p t e r  5 th e  
n a tu r e  of th e  d i a ly s i s  m e m b r a n e  w ill  be c o n s id e r e d  w ith  r e g a r d  to
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in  v i t r o  p la t e l e t  r e te n t io n  an d  in v ivo  th r o m b o g e n ic i ty  an d  in 
C h a p t e r  6 th e  r o le  of th e  c o n f ig u ra t io n  of th e  m e m b r a n e  s u r f a c e  
i s  s i m i l a r l y  d i s c u s s e d .
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C H A P T E R  5
T H E  N A T U R E  O F  TH E P L A T E L E T  - DIALYSIS M EM B R A N E 
IN T E R A C T IO N  AND IT S  R O L E  IN TH RO M BU S 
FO R M A T IO N  DURING HAEM ODIALYSIS
H e r e ,  2 p a p e r s  a r e  p r e s e n t e d ,  th e  f i r s t  of w h ich  d e s c r i b e s  
a  new  m e th o d  f o r  th e  m e a s u r e m e n t  of p la te le t  a d h e s iv e n e s s  by  th e  
u s e  of d i a ly s i s  m e m b r a n e s  in  a  t e s t  c e l l .  T h e  s e c o n d  p a p e r  u s e s  
t h i s  m e th o d  to  a s s e s s ,  in  v i t r o ,  th e  th r o m b o g e n ic i ty  of d ia ly s i s  
m e m b r a n e s .
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P a p e r  6 - A m e th o d  f o r  th e  m e a s u r e m e n t  of p la t e l e t  a d h e s iv e n e s s  
by u s e  of d ia ly s i s  m e m b r a n e s  in  a  t e s t  c e l l  (1973)
B r i t i s h  J o u r n a l  of H aem o to lo g y ,  ^  377 - 379.
R. M. L in d s a y ,  C . R .  M. P r e n t i c e ,  D. F e r g u s o n ,  W. M. M u ir ,  
and  G. P .  M cN ico l.
P u r p o s e  of In y e s t ig a t io n
T h is  w a s  to  d e v is e  an  in v i t r o  s y s te m  w h e re b y  th e  r e te n t io n  of 
p l a t e l e t s  by  d i f f e r e n t  d ia ly s i s  m e m b r a n e s  co u ld  be  m e a s u r e d .
P e r s o n a l  C o n t r ib u t io n
T h e  id e a  of th e  m e th o d  w as  c o n c e iv e d  jo in t ly  by  m y s e l f ,  D r .  
P r e n t i c e  and  D r .  M cN ico l.  T h e  t e s t  c e l l  w as  c o n s t r u c t e d  a t the  
U n iv e r s i ty  of S t r a th c ly d e ,  B io - E n g in e e r in g  D e p a r tm e n t  w o rk -s h o p .  
I t s  e v a lu a t io n  w a s  c a r r i e d  out by  m y s e l f ,  w ith  h e lp  f r o m  M r. D. 
F e r g u s o n  ( a  m e d ic a l  s tu d en t  in  r e c e ip t  of a  C a r n e g ie  V a c a t io n  
S c h o la r s h ip ) ,  w ith  a d v ic e  and  e n c o u r a g e m e n t  f ro m  D r .  P r e n t i c e  
and  D r .  M cN ico l .  I w a s  p r i m a r i l y  r e s p o n s ib le  f o r  th e  w r i t in g  of 
th e  p a p e r  but I r e c e iv e d  c o n s id e r a b le  h e lp  w ith  t h i s  f r o m  D r .  
P r e n t i c e .
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C O M M EN T
T h is  in v e s t ig a t io n  w as  p a r t i c u l a r l y  r e w a r d in g  to  u s .  Not only 
h a d  we d e v e lo p e d  a m e th o d  th a t  a l lo w ed  u s  to  q u a n t i ta te  th e  n u m b e r  
of p l a t e l e t s  r e t a in e d  by  a  p a r t i c u l a r  d ia ly s i s  m e m b r a n e  bu t, by  u s in g  
tw in  t e s t  c e l l s  s im u l ta n e o u s ly ,  we w e r e  now a b le  to  d i r e c t l y  c o m p a r e  
th e  p la te le t  r e t a in in g  p r o p e r t i e s  of d i f fe re n t  m e m b r a n e s  w ith  
c o n s id e r a b le  s e n s i t iv i ty .  T h i s  w a s ,  o b v io u s ly ,  th e  n ex t  s te p  in  th e  
p r o je c t  an d  i s  th e  s u b je c t  of P a p e r  7. F u r t h e r m o r e ,  t h i s  s tu d y  g iv e s  
so m e  s l ig h t  in d ic a t io n  of th e  n a tu r e  of th e  p la t  e le t  - die l y s i s  i n t e r a c t io n  
in th a t  th e  p r e s e n c e  of a d e n o s in e  d ip h o sp h a te  i s  n e c e s s a r y  a s  a r e  
d iv a len t  c a t io n s  ( th e  r e t e n t io n  of p l a t e l e t s  b e in g  b lo c k e d  by  th e  
p r e s e n c e  of e th y le n e  d ia m in e  t e t r a - a c e t i c  ac id ) f o r  p la t e l e t  r e te n t io n  
by  th e  m e m b r a n e s .
P e r h a p s  of ev en  g r e a t e r  im p o r ta n c e  i s  th e  fa c t  th a t  w e h ad  
d e v e lo p e d  a t e s t  f o r  p la te le t  a d h e s iv e n e s s  w hich , in  c e r t a i n  a s p e c t s ,  
i s  m o r e  s e n s i t iv e  and  r e p r o d u c ib le  th a n  a g l a s s  b e a d  c o lu m n  
te c h n iq u e .  O ne m a j o r  a d v a n ta g e  of o u r  m e th o d  o v e r  g l a s s  b e ad  
c o lu m n  te c h n iq u e s  i s  th a t  p la te le t  a d h e s iv e n e s s  v a lu e s  a r e  v i r t u a l l y  
in d ep en d en t of h a e m a t o c r i t  and  th u s  f u r t h e r  s tu d ie s  of p la te le t  
a d h e s iv e n e s s  in  a n a e m ic  s t a t e s  ( fo r  e x a m p le ,  in  u r a e m ia )  a r e  now 
p o s s ib l e .  F u r t h e r m o r e ,  th e  fac t  th a t  r e te n t io n  of p l a t e l e t s  o c c u r s  
w hen p la te le t  r i c h  p l a s m a  i s  u s e d  s u g g e s t s  th a t  th e  t e s t  c e l l  s y s te m  
m e a s u r e s ,  in  p a r t ,  th e  in i t i a l  a d h e s iv e  s ta g e  of th e  p la te le t  a d h e s io n -  
a g g re g a t io n  r e a c t io n .  In th e  g l a s s  b e a d  co lu m n  m e th o d  it i s  p la te le t  
a g g r e g a t e s  th a t  a r e  r e t a in e d  by th e  b e a d s .  T h u s  it  i s  l ik e ly  th a t  th e  
t e s t  c e l l  m e a s u r e s  a  s l ig h t ly  d i f f e r e n t  p h e n o m en o n  th a t  th e  s t a n d a r d  
g l a s s  b e a d  t e c h n iq u e s  and , a s  su ch ,  m a y  i n c r e a s e  th e  a r m a m e n t a r i u m  
of th e  p la t e l e t  i n v e s t ig a to r .  T o  d a te ,  th e  m e th o d  h a s  b e e n  u s e d  v e r y  
s u c c e s s f u l ly  in  tw o  p u b l i s h e d  s tu d ie s ,  not in c lu d e d  in  t h i s  t h e s i s ,  
w h ich  d e m o n s t r a t e  th e  e ffec t  of p r o s ta g la n d in s  (Howie et a l ,  1973) and  
h e p a r in  (T h o m so n  et a l ,  1973) on p la te le t  fu n c tio n .
At t h i s  s ta g e  in  th e  e v a lu a t io n  of th e  m e m b r a n e  t e s t  c e l l
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s y s te m  I c o n s id e r e d  t h r e e  p r o b l e m s .  F i r s t l y ,  o u r  e v id e n c e  f o r  th e  
r e t e n t io n  of p l a t e l e t s  by  th e  m e m b r a n e s  w as  by in f e r e n c e  f ro m  p la te le t  
c o u n ts  on b lood  b e f o r e  and  a f t e r  c o n tac t  w ith  m e m b r a n e s  and  not by 
d i r e c t  e x a m in a t io n  of th e  m e m b r a n e s .  T h is  p r o b le m  i s  d ea lt  w ith  
b r i e f ly  in  A d d it io n a l  Study 1 (P a g e  49 ). Second ly , th e  m e m b r a n e s  
we u s e d  in  t h i s  s tu d y  w e r e  no t n e c e s s a r i l y  h o m o g e n e o u s .  C u p ro p h a n  
P T  300 and  P T  150 m e m b r a n e s  w e re  o b ta in ed  f r o m  d i f f e r e n t  s o u r c e s  
( e .g .  f r o m  U n iv e r s i ty  of S t r a th c ly d e  o r  f ro m  th e  c a n n ib a l i s a t io n  of 
c o m m e r c i a l l y  p r e p a r e d  h a e m o d i a ly s e r s )  and  h e n c e  w e r e  l ik e ly  to  
h a v e  b e en  of d i f f e r e n t  a g e s ,  and  b a tc h e s  and  s o m e  h a d  ev en  u n d e rg o n e  
s t e r i l i s a t i o n  by  e th y le n e  ox ide  g a s .  What e ffec t  t h i s  m ig h t  h av e  on th e  
r e p r o d u c t ib i l i t y  of r e s u l t s  o b ta in e d  by  th e  t e s t  c e l l  w a s  u n c e r t a in .  
H o w e v e r ,  th e  m a n u f a c t u r e r s  J .  P .  B e m b e r g  (W u p p e r ta l ,  W es t G e rm a n y )  
k in d ly  p ro v id e d  u s  w ith  a  s e r i e s  of C u p ro p h a n  m e m b r a n e s  of v a ry in g  
d ry  w eigh t p e r  u n it  s u r f a c e  a r e a  but of th e  s a m e  a g e  and  c h e m ic a l  
c o m p o s i t io n  and  th e s e  h a v e ,  su b se q u e n t ly ,  b e e n  e x c lu s iv e ly  u s e d .  
F in a l ly ,  th e  0. 1 M p h o sp h a te  b u f f e r  u s e d  in th e  t e s t  c e l l  p r im in g  w as  
h y p e r o s m o l a r  to  p l a s m a  (500 m . o s m /K g )  and  I w o n d e re d  what e f fe c t  
t h i s  m ig h t  h a v e  on th e  r e s u l t s .  O w r e n ’s b u f f e r  i s  i s o m o l a r  (300 m 
o s m /K g )  and  th u s  th e  m e m b r a n e  t e s t  c e l l  s y s te m  w a s  b r i e f ly  
r e a s s e s s e d  u s in g  t h i s  b u f f e r  and  th e  new  C u p ro p h a n  m e m b r a n e s .  
(A dd itiona l Study 2, p a g e s '^ ) .
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P u r p o s e  of S tudy : T o  d e m o n s t r a t e  v i s ib ly  th a t  p l a t e l e t s  a d h e r e  to
C u p ro p h a n  d i a ly s i s  m e m b r a n e s
M eth o d s
P i e c e s  of C u p ro p h a n  P T  32 5 d ia ly s i s  m e m b r a n e  (30. 5 Gm d ry  
2
weight /M  ) (J .  P .  B e m b e r g ,  W u p p e r ta l ,  W est G e rm a n y )  m e a s u r in g  
10 cm  X 5 cm  w e r e  u s e d  to  l in e  e a c h  of 2 p la s t i c  t e s t  t u b e s ,  20 m l  of 
h e p a r i n i s e d  b lood  (f ina l h e p a r in  c o n c e n t r a t io n  4 u n i t s  p e r  m l)  w as  
ta k e n  f ro m  a h e a l th y  v o lu n te e r  and a f t e r  c e n t r i f u g a t io n  at 400 g fo r  
5 m in u te s  and  th e n  a t 2 000 g f o r  20 m in u te s  5 m l  p la te le t  r i c h  and 
5 m l  p la te le t  p o o r  p l a s m a  w as  o b ta in e d  and ad d ed  to  e a c h  of th e  m e m b r a n e  
l in e d  tu b e s .  T h e  tu b e s  w e r e  s e a le d  and r o ta t e d  on t h e i r  s id e s  at ro o m  
t e m p e r a t u r e  f o r  30 m in u te s .  P l a t e l e t  c o u n ts  w e r e  p e r f o r m e d  on th e  
p la te le t  r i c h  p l a s m a  b e f o r e  and  a f t e r  c o n tac t  w ith  th e  m e m b r a n e .
A f t e r  c o n ta c t  w ith  th e  p la te le t  r i c h  and  p la te le t  p o o r  p l a s m a s  th e  
m e m b r a n e s  w e re  c a r e f u l ly  r e m o v e d  f ro m  th e  tu b e s  and  so ak e d  in a 2% 
b u f fe re d  g lu te r a ld e h y d e  f o r  24 h o u r s  to  a l lo w  f ix ing  of an y  p l a t e l e t s  
to  ta k e  p la c e  on th e  m e m b r a n e s .  A f te r  t h i s  t im e  s e v e r a l  s a m p l e s ,
0. 6 cm  X 0. 6 c m ,  w e r e  r a n d o m ly  ta k e n  f ro m  both  p i e c e s  of 
m e m b r a n e  and th e s e  w e r e  c o a te d ,  in  v acu o ,  w ith  a p p r o x im a te ly  35 nm  
of go ld  p a l la d iu m  and  th e n  e x a m in e d  by a s c a n n in g  e l e c t r o n  m ic r o s c o p e .  
(C a m b r id g e  S te r e o s c a n  M a rk  2A).
R e s u l t s
P l a t e l e t  c lu m p s  to g e t h e r  w ith  f i b r in - l i k e  s t r a n d s  w e re  s e e n  in 
ab u n d an c e  on th e  m e m b r a n e  s a m p l e s  a f t e r  c o n ta c t  w ith  p la te le t  
r i c h  p l a s m a  ( f ig u r e s  1, 2 and  3). T h e  a s s o c i a t e d  fa l l  in th e  p la te le t  
count of th e  p la te le t  r i c h  p l a s m a  w as  30%. No s u c h  c e l l u l a r  c lu m p s  
o r  s t r a n d s  w e r e  s e e n  on th e  m e m b r a n e s  c o n ta c te d  w ith  p la te le t  p o o r  
p l a s m a .
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C om raen t
T h i s  s tu d y  v e r i f i e d  th a t  th e  o b s e r v e d  f a l l  in  p la te le t  c o u n ts  
f r o m  th e  t e s t  c e l l  s tu d ie s  w a s  l ik e ly  to  be due e n t i r e l y  to  th e  
r e te n t io n  of p l a t e l e t s  by  th e  m e m b r a n e .
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F IG U R E  1
S cann ing  e l e c t r o n m i c r o g r a p h  (m a g n if ic a t io n  x 530) of P T  325 
C u p ro p h a n  d ia ly s i s  m e m b r a n e  a f t e r  c o n tac t  w ith  h e p a r in i s e d  
p la te le t  r i c h  p l a s m a .  P la te l e t  c lu m p s  w ith  f ib r in  l ik e  s t r a n d s  
a r e  s e e n  on th e  m e m b r a n e  s u r f a c e .
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F IG U R E  2
S cann ing  e l e c t r o n m i c r o g r a p h  (m a g n if ic a t io n  x 1000) of P T  32 5 
C u p ro p h a n  d i a ly s i s  m e m b r a n e  a f t e r  c o n ta c t  w ith  h e p a r in i s e d  
p la te le t  r i c h  p l a s m a .  P l a t e l e t  c lu m p s  w ith  f ib r in  l ik e  s t r a n d s  
a r e  s e e n  on th e  m e m b r a n e  s u r f a c e .
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F IG U R E  3
Scann ing  e l e c t r o n m i c r o g r a p h  (m a g n if ic a t io n  x 2, 200) of P T  325 
C u p ro p h a n  d i a ly s i s  m e m b r a n e  a f t e r  c o n tac t  w ith  h e p a r in i s e d  
p la te le t  r i c h  p l a s m a .  P la te l e t  c lu m p s  w ith f ib r in  l ik e  s t r a n d s  
a r e  s e e n  on th e  m e m b r a n e  s u r f a c e .
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P a p e r  6 - A d d it io n a l  Study 2
P u r p o s e  of Study
T o  o b ta in  a  'n o r m a l '  r a n g e  of p la te le t  a d h e s iv e n e s s  v a lu e s  when 
th e  s t a n d a r d  C u p ro p h a n  P T  325 m e m b r a n e s  an d  O w e n 's  b u f fe r  w e re  
u s e d  in  th e  m e m b r a n e  t e s t  c e l l  s y s te m .
M ethods
T he r a n g e  of p la te le t  a d h e s iv e n e s s  v a lu e s  w a s  o b ta in e d  f o r  a 
f u r t h e r  g ro u p  of 40 h e a l th y  v o lu n te e r s  (age  ra n g e  2 1 - 4 0  y e a r s ;  29 M. 
11 F .  ). No v o lu n te e r  h ad  ta k e n  an y  d ru g  f o r  a  m in im u m  of tw o  w e e k s  
p r i o r  to  th e  e s t i m a t i o n .  T he  m e a s u r e m e n t  of p la t e l e t  a d h e s iv e n e s s  w a s  
c a r r i e d  out a s  d e s c r i b e d  in  P a p e r  6 w ith  th e  fo llo w in g  m o d if ic a t io n s  ;-
(1) T h e  d i a ly s i s  m e m b r a n e  u s e d  w a s  C u p ro p h a n  P T  325 
(30. 5 Gm d r y  w e ig h t /M ^ ) .
(2) T he  m e m b r a n e s  w e r e  w a sh e d  tw ic e  in  d i s t i l l e d  w a te r  
b e fo re  so ak in g  in  b u f f e r .
(3) O w e n 's  b u f f e r  (ph 7. 35; 300 m  O sm  /K g . ) w a s  s u b s t i tu te d  
f o r  th e  0. 1 M p h o s p h a te  b u f f e r  p r e v io u s ly  u s e d  f o r  
so ak in g  th e  m e m b r a n e s  and  f o r  p r im in g  th e  t e s t  c e l l .
(4) T h e  t e s t  c e l l  r o c k in g  w a s  c a r r i e d  out f o r  10 m in u te s .
R e s u l t s  and  C o m m e n t
T he  m e a n  v a lu e  f o r  th e  40 e s t i m a t i o n s  of p la te le t  a d h e s iv e n e s s  
w a s  29 - 7% (M - S. D . ). T h is  v a lu e  i s  not s ig n i f ic a n t ly  d i f f e r e n t  
f r o m  th e  p r e v io u s  v a lu e  (31 - 9%) n o r  i s  th e  S. D, an y  l e s s  in d ic a t in g  
th a t  t h e s e  c h a n g e s  h a d  not n e c e s s a r i l y  i n c r e a s e d  th e  s e n s i t iv i ty  of th e  
t e s t .  N e v e r t h e l e s s ,  t h e s e  c h a n g e s  h av e  now b e e n  i n c o r p o r a t e d  a s
s t a n d a r d  f o r  th e  r e a s o n s  p r e v io u s ly  d i s c u s s e d .
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P a p e r  7 - T h e  r o le  of th e  p la te le t  - d i a ly s i s  m e m b r a n e
in t e r a c t io n  in  th r o m b u s  fo r m a t io n  a n d  b lood  
l o s s  d u r in g  h a e m o d i a ly s i s .  (1973)
T r a n s a c t i o n s  A m e r i c a n  S oc ie ty  f o r  A r t i f i c i a l  
I n te r n a l  O r g a n s .  Vol. XIX, 487 - 491.
R. M , L in d sa y ,  C . R .  M. P r e n t i c e ,  J .  A . B u r to n ,
D. F e r g u s o n  an d  A . C . K ennedy .
P u r p o s e  of In v e s t ig a t io n
B e c a u s e  of th e  a p p a r e n t  im p o r ta n c e  of p la t e l e t  r e t e n t io n  by 
d i a ly s i s  m e m b r a n e s  in  th r o m b u s  fo r m a t io n  d u r in g  h a e m o d i a ly s i s  an  
in  v i t r o  m e th o d  u s in g  a  m e m b r a n e  t e s t  c e l l  s y s te m  w a s  d e v e lo p e d  
w h ich  a l lo w e d  th e  p la te le t  r e t a in in g  p r o p e r t i e s  of d i f f e r e n t  d ia ly s i s  
m e m b r a n e s  to  be d i r e c t l y  c o m p a r e d .  T h is  m e th o d  i s  d e s c r i b e d  in 
P a p e r  6. U s in g  t h i s  s y s te m  I d e c id e d  to  e x a m in e  p la t e l e t  r e te n t io n  
to  th e  C u p ro p h a n  (J .  P .  B e m b e rg ,  W u p p e r ta l ,  W es t  G e rm a n y )  s e r i e s  
of m e m b r a n e s  and  to  c o m p a r e  in  v i t r o  p la te le t  r e t e n t io n  w ith  in v ivo  
th r o m b u s  fo r m a t io n .
P e r s o n a l  C o n t r ib u t io n
T h e  s tu d y  w a s  in i t i a t e d  and  p la n n e d  by m y s e l f .  M r .  D. F e r g u s o n  
(a m e d ic a l  s tu d en t  in r e c e ip t  of a C a r n e g ie  V a c a t io n  R e s e a r c h  
F e l lo w s h ip )  h e lp e d  w ith  th e  in  v i t r o  e x p e r im e n ta l  w o rk  w hile  
D r .  J .  A . B u r to n  h e lp e d  w ith  th e  s e t t in g  up and  s u p e r v i s io n  of th e  
d ia ly s e s  and  w ith  t h e e s t i m a t i o n s  of d i a l y s e r  b lood  l o s s .  I w as  
r e s p o n s ib le  f o r  th e  s t a t i s t i c a l  a n a ly s e s .  T h e  p a p e r  w a s  w r i t t e n  by m e  
w ith  a d v ic e  f r o m  P r o f e s s o r  A .C .  K ennedy  and  D r .  C . R . M .  P r e n t i c e .
THE HOLE OF THE PLATELET-DIALYSIS MEMBRANE INTERACTION 
IN THROMBUS FORMATION AND BLOOD LOSS DURING HEMODIALYSIS
R, M. Lindsay, C. R. M. Prentice, J. A. Burton, D. Ferguson, and A. C. Kennedy
The regular d ialysis patient rem ains anemic in spite of efficient hem odialysis. In the past hemoglobin 
levels w ere maintained by giving repeated blood transfusions in amounts varying from under one unit of packed 
c e lls  to 4 units/patient month(^). Most d ialysis units now only transfuse in em ergency situations because of the 
known risks of h e p a t i t i s I f  routine blood transfusion is to be avoided then all iatrogenic sources of blood 
lo ss  m ust be m inim ized. One major potential source is  blood trapped within the dialyzer which is  not returned 
to the patient(^> ®). Two factors are responsible for dialyzer blood lo ss . F irstly , manifold designs may cause 
mechanical hold-up of anticoagulated blood and each type of dialyzer w ill have its  own particular problems which 
may be largely overcom e by an efficient wash-back technique at the termination of d ia lysis. Secondly, thrombus 
formation may take place on dialysis membranes, in spite of efficient heparinization, and cause undesirable high 
blood lo sse s  which are not influenced by either the technique or the volume of the wash-back(®). The use of the 
Gambro-Alwall dialyzer* (Ab Gambro, Lund, Sweden) is  complicated by a high blood lo ss  due to thrombus form a­
tion on its membranes(®» This thrombus formation is  associated with a fall in the platelet count of patients 
undergoing d ialysis by this system  due to the retention of platelets within the d ialysis membranes(®) suggesting  
that the p latelet retention on the dialysis membrane is  an important step in the reaction leading to thrombus form a­
tion. This hypothesis is  supported by the fact that the administration of antiplatelet agents (aspirin and dipyrida­
m ole compounds) w ill reduce not only the retention of platelets on the dialysis m embranes but also the degree of 
thrombus formation and patient blood loss(^). Because of the apparent importance of p latelet retention by dialysis 
membranes we have developed an in vitro method using a membrane test ce ll system  whereby the platelet retain­
ing properties of different d ialysis membranes may be directly compared. Using this system  we have examined 
platelet retension to cuprophane (J. P. Bemberg, Wuppertal, W est Germany) membranes and have compared in 
vitro platelet retention with in vivo thrombus formation.
METHODS
The membrane test ce ll and the m easurem ent of platelet adhesiveness. The membrane test ce ll system  
is  fully described e l s e w h e r e ( l O ) ,  it  consists of 2 perspex blocks so constructed as to allow the introduction of 
blood between 2 sheets of d ia lysis membrane by means of unplasticized polyvinylchloride entry ports and plastic  
(Kematal, I. C. I. ) spreaders. The 2 spreaders and a p lastic (low density polyethylene) gasket maintain a blood 
compartment height of 0 .0 7  cm . The compartment which is  12. 8 cm long and 10. 5 cm wide has a volume of 9 ml. 
An exploded view of the ce ll is  shown in Figure 1. To m easure platelet retention (platelet adhesiveness) dialysis  
membrane sheets cut larger than the test ce ll are washed twice in distilled water and then soaked in Owren's 
buffer (pH 7.35, mOs/kg) for 5 min. They are then placed in a test ce ll the 2 blocks of which are clamped together. 
The cell is then primed with 9 ml Owren's buffer and emptied after 10 m ins. For each test ce ll experim ent 9 ml 
venous blood from a healthy volunteer is  taken into a plastic syringe and mixed with 1 ml of 3.8% sodium citrate  
in a plastic tube; 0. 2 ml of this blood is  taken for platelet counting, the rest being introduced into the test ce ll by 
plastic syringe in a standard fashion. The blood ports are then clamped and the test ce ll rocked by hand, to an 
angle of 30° at 5 second intervals. The rocking is  carried out using a sim ple seesaw  device (Figure 2) which also  
allows 2 test ce lls  to be used sim ultaneously. After 10 minutes the test ce ll is  emptied by opening the ports and 
withdrawing the blood into a p lastic syringe. The withdrawn blood is mixed gently in a plastic tube and a further 
0. 2 ml is  taken for a second platelet count. The platelet counts are carried out in duplicate by the method of 
Dacie and L ew is(U ) on coded sam ples so that the observer does not know whether the m icroscope chamber con­
tains blood from the p re- or p o st-test ce ll sam ple. By comparing the pre- and p o st-test ce ll p latelet count the 
number of p latelets retained within the test ce ll is  calculated. The drop in platelet count expressed as a percent­
age of the initial count g ives a value term ed platelet adhesiveness.
In vitro com parison of platelet retention by cuprophane membranes. Using twin test ce lls  of identical con­
struction and the rocking device (Figure 2) paired estim ations for p latelet adhesiveness can be made. If both 
test c e lls  contain identical membranes an excellent correlation is obtained between the 2 se ts  of r e s u l t s A  
test membrane may then be inserted into one test ce ll and compared directly with a standard membrane by exam ­
ination of paired resu lts for platelet adhesiveness.
From the U niversity D epartm ent o f  M ed icin e, Glasgow Royal Infirm ary, G lasgow, Scotland.
This work is supported by a grant from Ab Gambro, Lund, Sw eden.
*The authors w ish to poin t out that the G am b ro-A lw all d ia ly zer  is now ob so lete . Its successor, the G am bro-lundia is not associated  w ith the occu r­
rence o f  thrombus form ation upon its m em branes and has a low residual blood vo lum e.
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Cuprophane membranes of varying dry weight/unit surface area but of the same age and chem ical com posi­
tion were provided by the manufacturers (J. P. Bemberg, Wuppertal, W est Germany), The membranes studied 
w ere PT 150 (16. 5 Gm/M^), PT 200 (19. 6 Gm/M^), PT 250 (25. 5 Gm/M^) and PT 325 (30. 5 Gm/M^). The PT 325 
membrane was chosen as the initial standard against which the other membranes w ere compared and the following 
ser ie s  of experiments w ere carried out. Pt 325 against PT 325 (7 observations); PT 325 against PT 250 (12 ob­
servations): PT 325 against PT 200 (9 observations); PT 325 against PT 150 (7 observations). Subsequently PT 
250 and PT 200 membranes w ere used as standards and tlie following com parisons w ere made; -  PT 250 against 
PT 200 (7 observations); PT 250 against PT 150 (7 observations); PT 200 against PT 150 (9 observations). For 
each of these experiments 18 ml whole blood was taken from healthy volunteer subjects, mixed with 2 ml of 3.8%  
sodium citrate and then divided. All p latelet counts w ere perform ed blindly using coded counting cham bers, the 
observer being unaware of which membranes w ere being studied.
In vivo dialyzer studies. Blood lo ss  was m easured in 18 standard Gambro-Alwall d ialyzers (containing 
PT 325 membranes) and in 10 Gambro-Alwall dialyzers specially  prepared for us by Ab Gambro (Lund, Sweden). 
These latter d ialyzers w ere identical to the others with the exception that they contained PT 250 membranes. The 
blood lo sse s  wore estim ated with precision using 51 C r-labelled red blood cells: the details of the techniques and 
of its accuracy have been given elsewhere(^» The dialyzers w ere used during the routine regular d ialysis  
program of this unit and w ere conducted In a standard fashion and terminated using a standard "wash-back" pro­
cedure. Anticoagulation was achieved using 4000 units heparin (Weddel Pharm aceuticals Ltd; 100 units is equiva­
lent to 1 mg) at the start of d ialysis and repeated hourly; this was sufficient to maintain the whole blood clotting 
time at 37°C in excess of 40 min in all ca ses . P latelet c o u n t s w e r e  carried out on each patient before and 
after each d ialysis and the percentage fall in platelet count calculated.
RESULTS
In vitro experim ents. In Figure 3 the paired resu lts for p latelet adhesiveness obtained with both test c e lls  
containing PT 325 membranes are plotted; the values show good correlation (r = 0. 92) indicating that there is  
little error in the method. The paired resu lts for platelet adhesiveness obtained during the ser ie s  of experim ents 
where membranes PT ISO, PT 200 and PT 250 w ere compared against PT 325 are plotted com positely in Figure 4 
and indicated that fewer platelets w ere retained by these membranes than by PT 325 membranes. Using a se r ie s  
of paired Students' "t" tests these apparent differences w ere shown to be statistically  significant: -  PT 325 v. PT 
250 (p < 0.025), PT 325 v. PT 200 (p < 0.0005), PT 325 v. PT 150 (p < 0.0005). The paired resu lts for the 
experiments using PT 250 membranes as the standard showed that significantly fewer platelets w ere retained by 
PT 200 membranes (p < 0.0005) and PT 150 membranes (p < 0.0005). The resu lts for the PT 200 and PT 250 
experiments are shown plotted in Figure 5. Finally the paired resu lts also showed that significantly fewer plate­
lets w ere retained by PT 150 membranes than by PT 200 membranes (p < 0. 025). Summarizing these resu lts it 
is  apparent that there is  a d irect relationship between the platelet retention and the thickness (or weight per unit 
surface area) of the cuprophane membrane.
In vivo experim ents. The mean (~SD) values for dialyzer blood lo ss  and the percentage fall in patients' 
platelet counts over the course of d ia lysis are shown in Table I. The substitution of PT 250 membranes for the 
standard PT 325 membranes in the Gambro-Alwall dialyzer is  associated  with significant reductions in the fall 
in p latelet count over tlie duration of d ialysis and in the dialyzer blood lo ss .
TABLE I
DIALYZER BLOOD LOSS AND FALL IN PATIENTS' PLATELET COUNT USING
GAMBRO-ALWALL DIALYZERS CONTAINING DIFFERENT DIALYSIS MEMBRANES
F all in P la te le t Blood Loss
D ia lysis  M em brane
Number o f  
Observations
C ount C^ o) 
(M ± SD)
ML 
(M ± SD)
Cuprophane PT 325 18 31. 2 i  9 .7 36 i  4
Cuprophane PT 250 10 21. 6 * 1 5 .2 18 ± 8
p < 0. 05 p < 0. 0005
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Blood entry and 
exit ports.
membrane
spreader
membrane
Figure 1, * Exploded view  o f  the m em brane test c e l l .
Figure 2 .*  Rocking d e v ic e  for sim ultaneous use of 2 test 
c e l ls .
TEST CELL A
TEST CELL
m
CM
CO
Figure 3. C om parison o f sim ultaneous estim ation s o f  p la te le t adhesiveness 
values 0o) using PT 325 m em branes and twin test c e lls . T he broken lin e  is at 
4600 ,
PT 325
^Figures 1 and 2 are reproduced by perm ission o f  the Editor, British Journal o f H aem atology.
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DISCUSSION
The use of the Gambro-Alwall dialyzer is associated  with a high blood lo ss  due to thrombus formation on the 
dialysis membranes in spite of the fact that the patient is adequately anticoagulated with heparin(®> During the 
course of d ialysis several changes in hem ostatic function occur; namely a fall in p latelet count, r ise  in factor V 
level and fall in the plasminogen l e v e l U s i n g  ^^Cr-labelled platelets it  has been shown that the fall in platelet 
count is  secondary to platelet retention within the dialyzer(8), This platelet retention by the d ialysis membranes 
is  an important step in a reaction leading to subsequent thrombus formation for therapeutic inhibition of platelet 
function by aspirin and RA 233 (a dypiridamole compound) le ssen s  both the platelet retention and the thrombus 
formation {and hence the blood loss) within the dialyzer(^). Other workers have studied thrombus formation on 
m aterials used in cardiovascular surgery (e. g. teflon, silastic) and also  suggest that platelet retention to these 
m aterials is  an important step in thrombus form ation(l^“16), Salzraan^^" )^ has agreed that it is  customary to view  
surface induced thrombosis as chiefly, if not exclusively, a platelet problem.
The resu lts of this study indicate that the nature of dialysis membrane itse lf influences the number of 
platelets that w ill be retained by it  and that with cuprophane membranes of identical chem ical composition, there 
is  a direct relationship between the membrane thickness and the in vitro platelet retention. This suggests that 
the thicker cuprophane d ialysis membranes may be the m ore thrombogenic in vivo. This hypothesis is supported 
by this and our previous study(6) demonstrating that the substitution of PT 250 membranes for PT 325 in the 
Gambro-Alwall dialyzer is associated with a lessening of both the p ost-d ia lysis drop in platelet count and the 
dialyzer blood lo ss . The latter is  directly related to the degree of thrombus formation. We have attempted to 
use even thinner cuprophane membranes, e. g, PT 150 in the Gambro-Alwall dialyzer but w ere unable to con­
tinue tiie experim ents because of dialyzer ruptures.
At present we are unable to state why there is  variable retention by different membranes but the surface 
charge^^®' or the surface free energy(l^) may be among important determinants.
Studies such as these suggest that the membrane test ce ll system  described is  of potential value in the 
evaluation of the potential thrombogenicity of different d ialysis membranes. This would be in keeping with the 
recommendations of the Gotch report(^^).
SUMMARY
A major part of blood lo ss  in som e dialyzers is  due to thrombus formation on the d ialysis membrane 
surface. Studies using the Gambro-Alwall dialyzer have suggested that such thrombus formation is  largely  
mediated by an interaction between platelets and the dialyzer membranes. P latelet retention to cuprophane dialy­
s is  membranes was studied, in vitro, using a test cell system  and it was found that there was a direct relation­
ship between platelet retention and the membrane thickness. A good correlation between platelet retention in 
vitro and the amount of thrombus formed in the Gambro-Alwall dialyzer in vivo was also  obtained,
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Figure 4. Platelet adhesion to PT 325, PT 250, PT 200 and PT 150 
membranes when each is compared simultaneously with platelet adhesion 
to PT 325 membranes. The values shown are for p latelet adhesiveness (%).
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Figure 5. The comparison of platelet adhesion to PT 250 and PT 
200 membranes. The values shown are for p late le t adhesiveness
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C o m m e n t
T h is  s tu d y  w a s  . s t r a ig h t f o r w a r d  in i t s  a im  and  in  i t s  r e s u l t .  It 
show ed  th a t  th e  n a tu r e  of th e  d ia ly s i s  m e m b r a n e  i t s e l f  in f lu e n c e s  
th e  d e g r e e  of p la te le t  r e t e n t io n  th a t  o c c u r s  an d  th a t  t h i s ,  in  tu r n ,  
i s  d i r e c t l y  p r o p o r t io n a l  to  i t s  th ro m b o g e n ic i ty .  T h e  u n so lv e d  
q u e s t io n  i s ,  of c o u r s e ,  w hat f a c t o r s  c a u s e  th e  v a r i a b l e  r e te n t io n  
of p l a t e l e t s  by  d i f f e r e n t  m e m b r a n e s .  At t h i s  t i m e ,  n e i t h e r  I, n o r  
m y  fe llow  w o r k e r s ,  c a n  a n s w e r  t h i s  q u e s t io n .
M u ir  (1971) d e m o n s t r a t e d  v i s u a l ly ,  by  s c a n n in g  e l e c t r o n m i c r o -  
g r a p h s  of d i a ly s i s  m e m b r a n e s  a f t e r  4 h o u r s  of d i a l y s i s ,  t h a t  f e w e r  
p l a t e l e t s  an d  r e d  b lood  c e l l s  w e re  d e p o s i te d  on a c r y l i c  c o p o ly m e r  
m e m b r a n e s  th a n  on C u p ro p h a n  P T  150 m e m b r a n e s .  In a n o th e r  s tu d y , 
he  and  h i s  c o l le a g u e s  (M u ir  et a l ,  1971) show ed  th a t  w hen 
u n h e p a r in i s e d  dog b lo o d  p a s s e d  o v e r  su ch  m e m b r a n e s  in  p a r a l l e l  
G r i m s r u d - B a b b  t e s t  c e l l s  ( G r i m s r u d  and  B abb , 1966) t h r o m b u s  
fo r m a t io n  on th e  C u p ro p h a n  P T  150 m e m b r a n e s  w a s  m o r e  e x te n s iv e  
th a n  on th e  c o p o ly m e r  m e m b r a n e .  T h e s e  e x p e r im e n t s  by  th e  
U n iv e r s i t y  of S t r a th c ly d e  B io - E n g in e e r in g  un it w e r e ,  I b e l ie v e ,  th e  
f i r s t  s tu d ie s  to  d e m o n s t r a t e  th a t  c e r t a i n  ty p e s  of d i a ly s i s  m e m b r a n e s  
w e r e  l ik e ly  t o  be m o r e  th ro m b o g e n ic  th a n  o t h e r s .  O u r  s tu d y  (p a p e r  7) 
w a s  th e  f i r s t  to  show  th a t ,  w ith  C u p ro p h a n  m e m b r a n e s ,  t h e r e  i s  a 
d i r e c t  r e l a t io n s h ip  b e tw ee n  th r o m b o g e n ic i ty  and  th e :  m e m b r a n e  
t h i c k n e s s .  In th r o m b o g e n ic i ty  s tu d ie s ,  a s  p a r t  of th e  e v a lu a t io n  of 
fu tu r e  m e m b r a n e s  fo r  h a e m o d i a ly s i s ,  I w ould  s u g g e s t  th a t  bo th  th e  
m e m b r a n e  t e s t  c e l l  s y s te m  ( P a p e r  6) and  a n im a l  s tu d ie s ,  s u c h  a s  
th o s e  of th e  U n iv e r s i ty  of S t r a th c ly d e ,  m a y  p la y  im p o r ta n t  r o l e s .
T he  r e s u l t s  of t h i s  s tu d y  a p p e a r e d  to  m e  to  h a v e  a d d i t io n a l  
s c ie n t i f ic  i n t e r e s t  in  th a t  th e  p o s s e s s i o n  of m e m b r a n e s  w ith  d i f fe re n t  
p la te le t  r e t a in in g  p r o p e r t i e s  m ig h t  be u s e fu l  in  p la t e l e t  fu n c tio n  s tu d ie s .  
T o  s tudy , f o r  e x a m p le ,  a  d ru g  w h ich  m ig h t  r e d u c e  p la te le t  a d h e s iv e n e s s  
it w ould  be a d v is a b le  to  u s e  a  m e m b r a n e  w ith  a h ig h  p la te le t  r e ta in in g  
q u a l i ty  in  th e  t e s t  c e l l .  On th e  o th e r  hand , in  th e  s tu d y  of s i tu a t io n s
O {
p o s s ib ly  a s s o c i a t e d  w ith  e n h a n c e d  p la te le t  s t i c k in e s s  th e  u s e  of 
a m e m b r a n e  w ith  low p la te le t  r e t a in in g  p r o p e r t i e s  m a y  be 
a d v a n ta g e o u s .  B e c a u s e  of t h i s  I e x a m in e d  th e  r a n g e  of v a lu e s  f o r  
p la te le t  a d h e s iv e n e s s  in  n o r m a l  s u b je c t s  th a t  h a d  b e e n  o b ta in ed ,  
th ro u g h o u t  t h e s e  s tu d ie s ,  u s in g  th e  d i f f e re n t  C u p ro p h a n  m e m b r a n e s  
T h e s e  v a lu e s  a r e  show n in  th e  A d d it io n a l  Study w h ich  fo l lo w s .
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P a p e r  7 - A d d it io n a l  Study
P u r p o s e  of s tu d y  : T o  o b ta in  a s e r i e s  of ’n o r m a l  r a n g e s '  ( tha t i s ,  a s
found in  h e a l th y  v o lu n te e r s )  f o r  p la te le t  a d h e s iv e n e s s  u s in g  th e  
m e m b r a n e  t e s t  c e l l  s y s te m  ( P a p e r  6) w ith  th e  d i f f e r e n t  m e m b e r s  of 
th e  C u p ro p h a n  s e r i e s  of d ia ly s i s  m e m b r a n e s  ( J . P .  B e m b e rg ,  
W u p p e r ta l ,  W es t  G e rm a n y ) .
M ethod
T he  'n o r m a l  r a n g e s '  w e r e  d e r iv e d  f ro m  th e  r e s u l t s  o b ta in ed  
d u r in g  th e  s tu d y  on th e  i n t e r - r e l a t i o n s h i p  of p la t e l e t  a d h e s iv e n e s s  and  
th e  t h i c k n e s s  of C u p ro p h a n  m e m b r a n e s  ( P a p e r  7).
R e s u l t s
T h e s e  a r e  show n in  T a b le  IV 
C o m m e n t
T h e s e  v a lu e s  in d ic a te  th a t  th e  u s e  of th e  t h i n n e r  C u p ro p h a n  
m e m b r a n e s  ( e .g .  P T  150) in  th e  t e s t  c e l l  i f  a s s o c i a t e d  w ith  a l o s s  of 
s e n s i t i v i t y  of th e  t e s t ,  a s  in d ic a te d  by a w ide r a n g e ,  an d  th i s  m a y  l im i t  
th e  u s e f u ln e s s  of th e  t e s t  in  s i tu a t io n s  w h e re  e n h a n c e d  p la t e l e t  
a d h e s iv e n e s s  i s  so u g h t.
N ote  : P T  ,300 m e m b r a n e s ,  a s  u s e d  in th e  o r ig in a l  s tu d y
( P a p e r  6) a r e  no  lo n g e r  p ro d u c e d  by  J .  P .  B e m b e r g  
and  th u s  w e re  no t e x a m in e d  in th e  s tu d y  d e s c r i b e d  
in  P a p e r  7.
T A B L E  IV
N O RM A L RANGE F O R  P L A T E L E T  A D H ESIV EN ESS
USING C U P R O P H A N  M EM BR A N ES O F  VARYING TH ICK N ESS
C U P R O P H A N
M EM BRA N E
P T  325 
P T  250 
P T  200 
-FT 150
P L A T E L E T
ADHESIVENESS
% M - SD)
2 9 - 7  
2 9 - 8  
16 - 13 
1 0 - 9
No. of 
O B SERV A TIO N S
40
24
26
24
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C h a p te r  5 - S u m m a r y  - T h e  n a tu r e  of th e  p l a t e l e t - d i a l y s i s  m e m b r a n e
in t e r a c t i o n  and  i t s  r o le  in  th r o m b u s  fo r m a t io n
d u r in g  h a e m o d ia ly s i s
In t h i s  C h a p t e r  I h av e  d e m o n s t r a t e d  by s c a n n in g  e l e c t r o n m i c r o -  
s c o p y  th a t  p l a t e l e t s  r e a d i ly  a d h e r e  to  th e  c e l l u l o s e - b a s e d  C u p ro p h a n  
d ia ly s i s  m e m b r a n e s  in  v i t r o  ( P a p e r  6, A d d it io n a l  S tudy 1) w h ich  
s u p p o r t s  th e  in  v iv o  s tu d y  u s in g  r a d io - c h r o m iu m  la b e l l e d  p l a t e l e t s  
( P a p e r  4). T h i s  in  v i t r o  r e t e n t io n  of p l a t e l e t s  by th e  m e m b r a n e s  c an  
be q u a n t i t a te d  u s in g  a t e s t  c e l l  s y s te m  ( P a p e r  6) w h ic h  a l lo w s  not only  
th e  n a t u r e  of p la te le t  d i a ly s i s  m e m b r a n e  in t e r a c t io n  to  be s tu d ie d  but 
a l s o  th e  p la te le t  r e t e n t io n  by  d i f f e r e n t  ty p e s  of m e m b r a n e  to  be  d i r e c t l y  
c o m p a r e d  ( P a p e r  6; P a p e r  7). T h e  s tu d ie s  in d ic a te  th a t  a d e n o s in e  
d ip h o sp h a te  an d  d iv a le n t  c a t io n s  a r e  n e c e s s a r y  f o r  th e  r e te n t io n  of 
p l a t e l e t s  by  th e  C u p ro p h a n  m e m b r a n e s  ( P a p e r  6) an d  th a t  t h e r e  i s  a 
d i r e c t  r e l a t io n s h ip  b e tw ee n  th e  th i c k n e s s  of th e  C u p ro p h a n  m e m b r a n e  
and th e  p la t e l e t  r e t a in in g  p r o p e r t i e s  of th a t  m e m b r a n e  ( P a p e r  7). 
F in a l ly ,  I h a v e  d e m o n s t r a t e d  th a t  th e  in v i t r o  p la te le t  r e te n t io n  by a 
d ia ly s i s  m e m b r a n e  a s  m e a s u r e d  by  th e  t e s t  c e l l  s y s te m  r e f l e c t s  bo th  
th e  p o s t  d i a ly s i s  fa l l  in  p la te le t  count and  th e  d e g r e e  of th r o m b u s  
f o r m a t io n  ta k in g  p la c e  on th a t  m e m b r a n e  d u r in g  c l in ic a l  h a e m o d ia ly s i s  
( P a p e r  7), T he  s tu d ie s  of C h a p t e r  4, w h ich  s u g g e s te d  th a t  th e  d e g re e  
of p la t e l e t  r e t e n t io n  w a s  im p o r ta n t  in  t h r o m b u s  f o r m a t io n  upon 
m e m b r a n e s  d u r in g  h a e m o d i a ly s i s ,  a r e  f u r t h e r  s u p p o r te d  by  th e s e  
s tu d ie s  of C h a p t e r  5.
In a d d i t io n  to  th e  g e n e r a l  th e m e  of th e  t h e s i s  I h a v e  show n th a t  
th e  m e m b r a n e  t e s t  c e l l  s y s te m  m a y  h av e  a p la c e  a s  a  t e s t  of p la te le t  
fu n c tio n  ( P a p e r  6).
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C H A P T E R  6
T H E  R O L E  O F  T H E  M EM B R A N E SU R FA C E G E O M E T R Y  
ON P L A T E L E T  R E T E N T IO N  AND THROM BUS FO R M A T IO N
O ne p a p e r  i s  p r e s e n t e d  w h ich  d e s c r i b e s  th e  a l t e r a t i o n  of th e  
m e m b r a n e  s u r f a c e  g e o m e t r y  by th e  m e m b r a n e  s u p p o r t  s y s te m  of 
v a r i o u s  d i a l y s e r s  an d  d i s c u s s e s  th e  im p o r ta n c e  of t h i s  in  th r o m b u s  
fo r m a t io n .
A s  on ly  one p a p e r  i s  d i s c u s s e d  no  s e p a r a t e  s u m m a r y  of 
C h a p t e r  6 i s  g iv en .
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P a p e r  8 T h e  m e m b r a n e  su p p o r t  s y s te m  and  th r o m b u s  
f o r m a t io n  on d i a ly s i s  m e m b r a n e s  (1973)
P r o c e e d in g  of th e  E u r o p e a n  D ia ly s i s  an d  T r a n s p la n t  
A s s o c ia t io n ,  V o lu m e  X 306 - 313. R. W ilk in so n ,
R, M, L in d s a y  and  J ,  A, B u r to n
P u r p o s e  of I n v e s t ig a t io n
T he  s u r f a c e  g e o m e t r y  of a  d ia ly s i s  m e m b r a n e  d u r in g  b e a m o d ia ly s i s  
w ill  be in f lu e n c e d  by  th e  c o n s t r u c t i o n  of th e  m e m b r a n e  su p p o r t  s y s te m  
u s e d  in  a  p a r t i c u l a r  d i a l y s e r .  T h i s  s tu d y  w a s  u n d e r t a k e n  to  e x a m in e  
th e  in f lu e n c e  of t h i s  upon  p la te l e t  r e te n t io n .
P e r s o n a l  C o n t r ib u t io n
D u r in g  th e  c o u r s e  of th e  p r e v io u s  s tu d ie s  s c a n n i n g 'e l e c t r o n m i c r o -  
g r a p h s  w e r e  m a d e  of m e m b r a n e s  o b ta in e d  f r o m  v a r i o u s  d i a l y s e r s  a f t e r  
u s e  ( P a p e r s  2, 4 an d  5). T h e  s c a n n in g  e l e c t r o n m i c r o g r a p h s  w e re  
k in d ly  p r e p a r e d  by  D r .  R. W ilk in so n  (B io - e n g in e e r in g  U n it ,  U n iv e r s i ty  
of S t r a th c ly d e ) .  She o b s e r v e d  th e  p a t t e r n s  of c e l l u l a r  d e p o s i t io n  upon  
th e  v a r i o u s  m e m b r a n e s  an d  t h e i r  r e l a t io n s h ip  to  th e  m e m b r a n e  su p p o r t  
s y s t e m s .  I r e a l i s e d  th e  r e l e v a n c e  of t h i s  o b s e r v a t io n  to  o u r  s tu d ie s  on 
th e  f a c t o r s  in f lu e n c in g  p la t e l e t  r e te n t io n  by  d i a ly s i s  m e m b r a n e s  and  
p la n n e d  th e  c o n t in u a t io n  of th e  in v e s t ig a t io n .  T he  d i a l y s e r s  s tu d ie d  
w e r e  p r e p a r e d  by  D r .  B u r to n  a n d  m y s e l f  an d  we s e t - u p  and  s u p e r v i s e d  
a l l  th e  d i a ly s e s  o th e r  th a n  th o s e  in v o lv in g  E x t r a c o r p o r e a l  EX 03 and  
T r a v e n o l  U F  100 c o i l s  w h ich  a r e  in  ro u t in e  u s e  in  o u r  u n i t .  I w ro te  
th e  p a p e r .
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IN T R O D U C TIO N
T h r o m b u s  f o r m a t i o n  m a y  ta k e  p la c e  on d i a l y s i s  m e m b r a n e s ,  in  
s p i te  of e f f ic ie n t  h e p a r in i s a t i o n ,  and  c a u s e  th e  r e g u l a r  d i a ly s i s  p a t ie n t  
to  h a v e  u n d e s i r a b ly  h igh  b lo o d  l o s s e s  (L in d sa y  and  K en n ed y , 1972;
L in d s a y  et a l ,  1973a). T h e  u s e  of d i a l y s e r s ,  w h ic h  a r e  c o m p l ic a te d  
by in - v iv o  th r o m b u s  f o r m a t io n ,  i s  a s s o c i a t e d  w ith  a  f a l l  in th e  p la te le t  
coun t of p a t i e n t s  u n d e rg o in g  d i a ly s i s  due to  th e  r e t e n t io n  of p l a t e l e t s  
w ith in  th e  d i a l y s i s  m e m b r a n e s  (L in d s a y  and  K en n ed y , 1972; L in d s a y  et 
a l ,  1972a), s u g g e s t in g  th a t  th e  p la t e l e t  r e t e n t io n  on th e  d i a ly s i s  m e m b r a n e s  
i s  a n  im p o r ta n t  s te p  in  th e  r e a c t i o n  le a d in g  to  t h r o m b u s  f o r m a t io n .  T h i s  
h y p o th e s i s  i s  s u p p o r te d  by  th e  fa c t  th a t  th e  a d m i n i s t r a t i o n  of a n t ip la t e l e t  
a g e n ts  w il l  r e d u c e  no t on ly  th e  r e t e n t io n  of p l a t e l e t s  on th e  d i a ly s i s  
m e m b r a n e s  but a l s o  th e  d e g r e e  of th r o m b u s  f o r m a t i o n  an d  th e  p a t ie n t  
b lood  l o s s  ( L in d s a y  et a l ,  19 72b). B e c a u s e  of th e  e f f e c t s  of p la te le t  
r e t e n t io n  by  d i a l y s i s  m e m b r a n e s  it i s  im p o r ta n t  to  s tu d y  f a c t o r s  w h ich  
m a y  in f lu e n c e  i t .  T h e  n a t u r e  of th e  d ia ly s i s  m e m b r a n e  p e r  s e  w il l  
in f lu e n c e  th e  n u m b e r  of p l a t e l e t s  r e t a in e d  by  i t ;  f o r  e x a m p le  w ith  
C u p ro p h a n  m e m b r a n e s  of id e n t i c a l  c h e m ic a l  c o m p o s i t io n ,  t h e r e  i s  a 
d i r e c t  r e l a t i o n s h ip  b e tw e e n  th e  m e m b r a n e  t h i c k n e s s  an d  th e  i n - v i t r o  
p la t e l e t  r e t e n t io n  (L in d s a y  et a l ,  1973b). F u r t h e r m o r e  th e  t h i c k e r  
C u p ro h p a n  m e m b r a n e s  a p p e a r  to  be  th e  m o r e  th r o m b o g e n ic  in  v iv o  
(L in d s a y  et a l ,  1973b). T h e  s u r f a c e  g e o m e t r y  of th e  d ia ly s i s  
m e m b r a n e  w il l  be in f lu e n c e d  by th e  c o n s t r u c t io n  of th e  m e m b r a n e  
s u p p o r t  s y s te m  an d  t h i s  s tu d y  w a s  u n d e r ta k e n  to  e x a m in e  th e  in f lu en c e  
of t h i s  upon  p la te l e t  r e t e n t io n .
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M ETH O D S
F iv e  ty p e s  of d i s p o s a b le  d i a l y s e r  w e r e  s tu d ie d .  T h e y  w e r e  th e  
G a m b r o - A lw a l l ,  i t s  s u c c e s s o r  th e  G a m b r o - L u n d ia ,  and  th e  Rhone - 
P o u le n c  p a r a l l e l  flow d i a l y s e r s ,  an d  th e  E X -0 3  ( E x t r a - c o r p o r e a l )  
an d  U F  100 (T ra v e n o l )  c o i l s .  T h r e e  d i a l y s e r s  of e a c h  ty p e  w e r e  
e x a m in e d  a f t e r  u s e ,  th e  r e s p e c t iv e  d ia ly s e s  b e in g  p e r f o r m e d  u n d e r  
s t a n d a r d  c o n d i t io n s  an d  t e r m i n a t e d  by  s t a n d a r d  'w a s h - b p c k '  p r o c e d ­
u r e s .  T o  f ix  an y  c e l l u l a r  o r  p r o te in a c e o u s  d e p o s i t  a  2% b u f fe re d  
g lu ta r a ld e h y d e  so lu t io n  w a s  p u m p e d  s lo w ly  th r o u g h  e a c h  d i a l y s e r ' s  
b lood  m a n ifo ld s  im m e d ia t e ly  a f t e r  t h e 'w a s h - b a c k '  p r o c e d u r e  h ad  
b e en  c o m p le te d .  C a r e  w a s  t a k e n  not to  a llow  a i r  t o  e n t e r  th e  d i a l y s e r  
b e tw e e n  th e  s a l in e  'w a s h - b a c k '  and  th e  f i l l in g  w ith  g lu ta r a ld e h y d e .  
T he  b lo o d  p o r t s  w e r e  s e a l e d  an d  e a c h  d i a l y s e r  w a s  th e n  le f t  f o r  a 
m in im u m  of tw e n ty - f o u r  h o u r s  to  a llow  fix in g  to  t a k e  p la c e .  T he  
d i a l y s e r  w a s  th e n  d i s m a n t l e d  and  m e m b r a n e  s a m p l e s ,  0 .6  x 0 .6  c m ,  
w e r e  ta k e n  f r o m  th e  a r t e r i a l  and  v e n o u s  en d s  of th e  b lo o d  c o m p a r t ­
m e n t s  an d  a l s o  a t  a  p o in t a p p r o x im a te ly  m id - w a y  a lo n g  th e  c o m p a r t ­
m e n t .  W ith  th e  p a r a l l e l  f low  d i a l y s e r s  s a m p l e s  w e r e  a l s o  ta k e n  
f r o m  th e  to p ,  m id d le  an d  b o tto m  l a y e r s .  E a c h  s a m p le  w a s  c o a te d ,  
in  v a c u o ,  w ith  a p p r o x im a te ly  35 n m  of g o ld -p a l la d iu m  and  th e n  
e x a m in e d  by  a s c a n n in g  e le c t  on m ic r o s c o p e  ( C a m b r id g e  S te r e o s c a n  
M a rk  2A).
R E SU L T S
U n d e r  low p o w e r  m a g n i f ic a t io n  (x20) c e l l u l a r  d e p o s i t s  w e r e  s e e n  
a r r a n g e d  in  r e g u l a r  p a t t e r n s  w h ich  w e r e  o b v io u s ly  r e l a t e d  to  th e  
g e o m e t r y  of th e  u n d e r ly in g  d i a ly s i s  m e m b r a n e  s u p p o r t in g  s y s t e m .  
T h i s  f e a t u r e  w a s  c o n s ta n t  f o r  e a c h  d i a l y s e r  an d  i s  d e m o n s t r a t e d  in  
f i g u r e s  1 - 5 .  T h e  d e p o s i t s  w e r e  oval in  sh a p e  w ith  th e  c o i l  and  
G a m b ro  (A lw all  and  L und i a) d i a l y s e r s  and  th e  s p a c in g  b e tw e e n  th e m  
in d ic a te d  th a t  th e y  r e l a t e d  to  th e  i n t e r s e c t i o n s  of th e  c o i l  m e s h e s
P a p e r  8, page  3
( f ig u r e s  1 and  2) o r  to  th e  'h ig h  s p o t s '  of th e  G a m b r o  m o u ld e d  
p o ly s ty r e n e  s u p p o r t  s y s t e m s  ( f ig u re s  3 and  4), T h e  d e p o s i t s  
w e r e  l i n e a r  w ith  th e  R h o n e - P o u le n c  d i a l y s e r  w h ich  c o r r e s p o n d e d  
to  th e  p a r a l l e l  r i d g e s  of i t s  s u p p o r t in g  s y s te m  ( f ig u re  5). W ith
h ig h e r  p o w e r  m a g n i f ic a t io n  (x 1000 -------->  x  5000) th e  d e p o s i t s
w e r e  s e e n  to  c o n s i s t  of r e d  and  w h ite  b lood  c e l l s  a n d  p l a t e l e t s  
( f ig u re  6) w ith  v a r i a b l e  a m o u n ts  of a m o rp h o u s  p r o t e in a c e o u s  
m a t e r i a l  an d  f i b r i n - l i k e  s t r a n d s .  T he  r e g u l a r  a r r a n g e m e n t  of 
th e s e  d e p o s i t s  w a s  f a i r l y  u n i fo rm  a lo n g  th e  e n t i r e  le n g th  of th e  
co il  d i a ly s i s  m e m b r a n e s ,  f i b r in  fo r m a t io n ,  e n s n a r i n g  r e d  c e l l s ,  
on ly  o c c u r r i n g  a t th e  ju n c t io n  of th e  m e m b r a n e  and  th e  b lo o d  
tu b in g  a t th e  v e n o u s  o r  o u t le t  end . T o w a r d s  th e  v e n o u s  end  of th e  
G a m b r o  A lw a ll  d i a l y s e r  th e  r e g u l a r  p a t t e r n  of d e p o s i t  w a s  lo s t  
and  w id e s p r e a d  th r o m b u s  f o r m a t io n  w a s  s e e n  w ith  f i b r in  s t r a n d s  
t r a p p in g  l a r g e  n u m b e r s  of r e d  b lo o d  c e l l s  ( f ig u re  7), V e r y  l i t t l e  
f ib r in  f o r m a t io n  w a s  s e e n  on th e  m e m b r a n e s  of th e  R h o n e - P o u le n c  
d i a l y s e r .  W ith  th e  p a r a l l e l  flow d i a l y s e r s  t h e r e  w a s  n o  d i f f e r e n c e  
in  th e  p a t t e r n  of d e p o s i t s  o r  f ib r in  fo r m a t io n  on th e  m e m b r a n e s  
ta k e n  f r o m  v a r i o u s  l a y e r s  of th e  d i a l y s e r .
DISCUSSION
We h a v e  a l r e a d y  show n th a t  p l a t e l e t s  w ill  .a d h e r e  to  d ia ly s i s  
m e m b r a n e s  bo th  in  v i t r o  ( L in d s a y  e t a l ,  1973c) and  in  v ivo  
(L in d sa y  e t a l ,  1972a). T h e  d e p o s i t io n  of p l a t e l e t s  on d ia ly s i s  
m e m b r a n e s  d u r in g  h a e m o d i a ly s i s  m a y  be  a s s o c i a t e d  w ith  f ib r in  
fo r m a t io n  in  s p i te  of h e p a r in  a n t ic o a g u la t io n  (L in d s a y  et a l ,  1972b) 
and  th u s  s tu d ie s  of th e  i n t e r a c t i o n  b e tw e e n  p l a t e l e t s  and  d i a ly s i s  
m e m b r a n e s  a r e  im p o r ta n t  a s  m e m b r a n e s  w ith  low  p la t e l e t  r e te n t io n  
m a y  be  l e s s  th r o m b o g e n c i  th a n  m e m b r a n e s  w ith  a h ig h  r e t e n t io n  
(L in d sa y  et a l ,  1973c, 1973b). O th e r  w o r k e r s  h a v e  s tu d ie d  
t h r o m b u s  f o r m a t io n  on m a t e r i a l s  u s e d  in  c a r d i o v a s c u l a r  s u r g e r y
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(e . g. T e f lo n ,  s i l a s t i c )  and  a l s o  su g g e s t  th a t  p la te le t  r e t e n t io n  by 
t h e s e  m a t e r i a l s  i s  a n  im p o r ta n t  s tep  in  t h r o m b u s  f o r m a t io n  
(L y m an  et a l ,  1968, 1969; R o d m an  and  M aso n  1970a, 1970b).
S a lz m a n  (1971) h a s  a g r e e d  th a t  it i s  c u s to m a r y  to  v ie w  s u r f a c e  
in d u c ed  t h r o m b o s i s  a s  c h ie f ly ,  i f  not e x c lu s iv e ly ,  a  p la te le t  
p r o b l e m .
T h e  n a tu r e  of t h e  p la te le t  d i a ly s i s  m e m b r a n e  i n t e r a c t i o n  h a s  
b een  p a r t l y  s tu d ie d .  A s  f a r  a s  t h e  p la te le t  i s  c o n c e r n e d  we h av e  
d e m o n s t r a t e d  th a t  it h a s  an  ' i n t r i n s i c '  a b i l i ty  t o  a d h e r e  t o  
c e l l u lo s e  b a s e d  d i a l y s e r  m e m b r a n e s  but t h i s  r e a c t i o n  i s  d ependen t 
upon  th e  p r e s e n c e  of a d e n o s in e  d ip h o s p h a te ,  p o s s ib ly  r e l e a s e d  f ro m  
th e  p l a t e l e t s  t h e m s e l v e s  and  f r o m  r e d  b lood  c e l l s ,  and  upon  
d iv a le n t  c a t io n s  (L in d s a y  et a l ,  19 73c). F u r t h e r m o r e  th e  u s e  of 
a n t i - p l a t e l e t  a g e n ts  su ch  a s  s a l i c y la te  an d  d ip y r id a m o le  c o m p o u n d s  
w il l  r e d u c e  p la te le t  r e t e n t io n  by t h e s e  m e m b r a n e s  (L in d sa y  et a l ,  
1972b, 1973c). T h e  n a tu r e  of th e  d ia ly s i s  m e m b r a n e  i t s e l f  w ill  
in f lu en c e  th e  i n t e r a c t i o n .  T h e  c h e m ic a l  c o m p o s i t io n  of th e  m e m b r a n e  
m a y  be  im p o r ta n t  f o r  f e w e r  p l a t e l e t s  w il l  a d h e r e  t o  ' s e r i e s  10' 
( c o - p o ly m e r  of N -b u ty l  m e t h a c r y l a t e  an d  a c r y l i c  ac id )  m e m b r a n e s  
(B io E n g in e e r in g  U n it ,  U n iv e r s i t y  of S t ra th c ly d e )  t h a n  to  c e l l u lo s e  
b a s e d  m e m b r a n e s  (u n p u b lish e d  o b s e r v a t io n s ) .  W ith  c e l lu lo s e  b a s e d  
m e m b r a n e s  of id e n t i c a l  c o m p o s i t io n  (C u p ro p h an , J . B ,  B e m b e r g e ,  
W est G e rm a n y )  t h e r e  i s  a  d i r e c t  r e l a t io n s h ip  b e tw e e n  p la te le t  
r e t e n t io n  and  th e  m e m b r a n e  th i c k n e s s  (L in d sa y  et a l ,  1973b), It i s  
a l s o  l ik e ly  th a t  o th e r  m e m b r a n e  f a c t o r s  su ch  a s  s u r f a c e  c h a r g e  
(S aw y er  and  P a t e ,  1953; S p r in iv a s a n  and  S a w y e r ,  1970) o r  th e  s u r f a c e  
f r e e  e n e r g y  (L y m an  et a l ,  1968) m a y  a l s o  in f lu en c e  p la t e l e t  r e te n t io n .  
In t h i s  s tu d y  w e h a v e  d e m o n s t r a t e d  th a t  th e  m e m b r a n e  s u p p o r t in g  
s y s te m  in f lu e n c e s  th e  r e t e n t io n  of p l a t e l e t s ,  t o g e th e r  w ith  r e d  and  
w h ite  c e l l s ,  a lm o s t  c e r t a i n l y  by  in f lu en c in g  th e  g e o m e t r i c  and 
h y d ro d y n a m ic  c h a r a c t e r i s t i c s  of th e  m e m b r a n e  s u r f a c e .  C e l l u l a r  
d e p o s i t s  on m e m b r a n e s  a r e  s e e n  in  r e g u l a r  p a t t e r n s  w h ich  c o r r e s p o n d  
to  th e  c o i l  m e s h  i n t e r s e c t i o n  p a t t e r n  o r  to  th e  'h ig h  s p o t s '  o r  r i d g e s
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of th e  s u p p o r t  s y s te m  in  p a r a l l e l  flow  d i a l y s e r s  ( f ig u r e s  1 - 5).
W ith  r e g a r d  to  th e  s u p p o r t in g  m e s h e s  of th e  c o i l s  it m u s t  be 
a p p r e c i a t e d  th a t  w h ile  t h e r e  is  no e le v a t io n  at th e  p o in ts  of 
i n t e r s e c t i o n  of th e  m e s h  s t r a n d s  ( f ig u re s  1 and  2) a c o i l  c o n f ig ­
u r a t i o n  w ill  c a u s e  o p p o s in g  m e m b r a n e  s u r f a c e s  to  be  s u p p o r te d  
by  m e s h e s  w ith  s t r a n d s  ta k in g  d i f f e r e n t  d i r e c t i o n s .  T h e  s p a c e s  
b e tw ee n  th e  m e m b r a n e  f a c e s  d i r e c t l y  o v e r - ly in g  th e  m e s h  
s t r a n d s  a r e  p r e s u m a b l y  n a r r o w e r  th a n  th e  s p a c e s  b e tw e e n  a r e a s  
of u n s u p p o r te d  m e m b r a n e  due to  m e m b r a n e  d i s to r t i o n  by p o s i t iv e  
p r e s s u r e  in  th e  b lo o d  c o m p a r tm e n t .  It i s  l ik e ly  th a t  a l t e r a t i o n s  
in b lo o d  flow  c h a r a c t e r i s t i c s  at t h e s e  p o in ts  c a u s e  c e l l u l a r  
d e p o s i t io n .
T h e  im p o r t a n c e  of t h i s  c e l l u l a r  d e p o s i t io n  i s  tw o fo ld .  F i r s t l y  
it i s  l ik e ly  th a t  th e  p la te le t  a d h e s io n  - a g g r e g a t io n  r e a c t i o n  i s  
fo l lo w ed  by th e  l i b e r a t i o n  of p la t e l e t  f a c t o r s  w h ich  m a y  l e a d  to  
t h r o m b u s  f o r m a t io n  d o w n s t r e a m  sh o u ld  th e  lo c a l  c o n d i t io n s  
e n c o u ra g e  t h i s .  T h i s  i s  a p p a r e n t  in  th e  c a s e  of th e  G a m b r o -  
A w la l l  d i a l y s e r  ( f ig u re  7). T h r o m b u s  f o r m a t io n ,  in  t u r n ,  m a y  
le a d  to  e x c e s s iv e  b lood  l o s s e s  (L in d sa y  et a l ,  19 73a). S econdly , 
t h e s e  c e l l u l a r  a g g r e g a t e s  m a y  c o m e  off th e  m e m b r a n e  and  fo rm  a 
s o u r c e  of m ic r o e m b o l i  to  th e  p a t ie n t .  B is c h e l  (19 73) h a s  d e m o n ­
s t r a t e d  th a t  m ic r o e m b o l i  > 2 0  yu d i a m e t e r  a r e  p r e s e n t  in  th e  b lood  
le a v in g  th e  d i a l y s e r  and  s u g g e s te d  th a t  t h e s e  m a y  c a u s e  p u lm o n a ry  
m ic r o e m b o l i s m  w ith  d e m o n s t r a b l e  lung  fu n c tio n  c h a n g e s .  She 
a l s o  d e m o n s t r a t e d  th a t  f i l t r a t i o n  of th e  b lood  le a v in g  th e  d i a l y s e r  
by d a c r o n  wool of’ p o l y e s t e r  u r e th a n e  foam  f i l t e r s  r e d u c e d  th e s e  
p u lm o n a r y  e f f e c t s .  E x a m in a t io n  of t h e s e  f i l t e r s  a f t e r  u s e  by s c a n ­
n in g  e l e c t r o n  m i c r o s c o p y  sh o w ed  th a t  t h e s e  m ic r o e m b o l i  c o n s i s t e d  
of p l a t e l e t - l e u c o c y te  a g g r e g a t e s .  A s o u r c e  of t h e s e  c e l l u l a r  
a g g r e g a t e s  h a s  now c l e a r l y  b e e n  d e m o n s t r a t e d .
We s u b m it ,  t h e r e f o r e ,  th a t  in  th e  d e s ig n  of m e m b r a n e  
s u p p o r t in g  s y s t e m s  f o r  d i a l y s e r s  c o n s id e r a t io n  sh o u ld  be g iven  to  
p o te n t ia l  b io  c o m p a t ib i l i ty  a s  w e ll  a s  to  th e  e f f ic ie n c y  of so lu te  and  
w a te r  t r a n s p o r t .
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C o m p o s i t i o n  p h o t o g r a p h  ( m a g n i f i c a t i o n  x 20) s h o w i n g  t h e  c e l l u l a r
d e p o s i t s  on t h e  E x t r a c o r p o r e a l  E X - 0 3  C u p r o p h a n  m e m b r a n e  an d
a l s o  t h e  m e s h  s u p p o r t i n g  t h i s  m e m b r a n e
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F I G U R E  2
C o m p o s i t i o n  p h o t o g r a p h  ( m a g n i f i c a t i o n  x 20) s h o w i n g  t h e  c e l l u l a r
d e p o s i t s  on  t h e  T r a v e n o l  U l t r a  F l o  100 C u p r o p h a n  m e m b r a n e  a n d
a l s o  t h e  m e s h  s u p p o r t i n g  t h i s  m e m b r a n e .
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C o m p o s i t i o n  p h o t o g r a p h  ( m a g n i f i c a t i o n  x 20) s h o w i n g  t h e  c e l l u l a r
d e p o s i t s  on t h e  G e m b r o - A l w a l l  C u p r o p h a n  m e m b r a n e  a n d  a l s o  t h e
p a t t e r n  of t h e  m o u l d e d  p o l y s t y r e n e  m e m b r a n e  s u p p o r t  s y s t e m .
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C o m p o s i t i o n  p h o t o g r a p h  ( m a g n i f i c a t i o n  x 2 0) s h o w i n g  t h e  c e l l u l a r
d e p o s i t s  on t h e  G a m b r o - L u n d i a  C u p r o p h a n  m e m b r a n e  a n d  a l s o  t h e
p a t t e r n  of t h e  m o u l d e d  p o l y s t y r e n e  m e m b r a n e  s u p p o r t  s y s t e m .
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F I G U R E  6
S cann ing  E l e c t r o n m i c r o g r a p h  (m a g n if ic a t io n  x 2000) of th e  c e l l u l a r  
d ep o s i t  on th e  C u p ro p h a n  m e m b r a n e s  of th e  Rhone P o u le n c  d i a ly s e r .  
An a g g re g p t io n  of p l a t e l e t s  i s  s e e n  w ith  so m e  r e d  b lood  c e l l s .
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F I G U R E  7
S cann ing  e l e c t r o n m i c r o g r a p h  (m a g n if ic a t io n  x 1000) of th e  m e m b r a n e  
s u r f a c e  f ro m  th e  v e n o u s  end of the  G a m b ro -A lw a l l  d i a l y s e r .  Red 
b lood c e l l s  a r e  s e e n  t r a p p e d  by f ib r in  s t r a n d s .
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N ote
A lth o u g h  t h i s  p a p e r  h a s  b e en  p u b lish e d ,  no r e p r i n t s  
w e re  a v a i l a b le  a t th e  t im e  of s u b m is s io n .  T h u s ,  th e  
p a p e r  h a s  b e e n  re ty p e d .
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C O M M E N T
I h a v e  l i t t l e  to  add  to  th e  D is c u s s io n  in P a p e r  8. T h i s  s tu d y  
show s th a t  th e  d ia ly s i s  m e m b r a n e  s u r f a c e  t a k e s  on a c o n f ig u ra t io n  
d u r in g  d ia ly s i s ,  b e c a u s e  of th e  p r e s e n c e  of a  p o s i t iv e  p r e s s u r e  
a c r o s s  th e  m e m b r a n e s ,  r e l a t e d  to  th e  u n d e r ly in g  m e m b r a n e  
s u p p o r t in g  s t r u c t u r e .  C e l l u l a r  d e p o s i t io n  t a k e s  p la c e  in ab u n d an ce  
w h e re  t h e r e  a r e  'h ig h - s p o t  s '  o r  r id g e s  on th e  m e m b r a n e .  If t h i s  
e f fec t  sh o u ld  e n h an ce  th e  o v e r a l l  d e g r e e  of p la te le t  r e te n t io n  by th e  
m e m b r a n e s  th e n  it i s  l ik e ly  to  h av e  a  b e a r in g  on d o w n s t r e a m  th r o m b u s  
fo r m a t io n .  T h i s  s t a t e m e n t  i s ,  a s  y e t ,  c o n je c tu r e .  T h e  u s e  of s c a n n in g  
e le c t r o n m ic r o s c o p y ,  w ith  m o d e ls  s im u la t in g  ' i n t r a v a s c u l a r '  
c o a g u la t io n  s u c h  a s  e x t r a  c o r p o r e a l  d ia ly s i s  c i r c u i t s ,  m a y  in  th e  
fu tu r e  p ro v id e  v a lu a b le  in fo r m a t io n  r e g a r d in g  m e c h a n i s m s  of th r o m b u s  
f o r m a t io n  and  t h e i r  p r e v e n t io n .
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C H A P T E R  7
SUMMARY AND CONCLUSIONS
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A d e ta i le d  and  l in k in g  d i s c u s s io n  h a s  b e e n  g iven  w ith  eac h  
P a p e r  and  C h a p t e r  of th e  e x p e r im e n ta l  w o rk . I do no t p ro p o s e  
to  r e i t e r a t e  t h i s  d e ta i l  bu t, r a t h e r ,  w ill  e n u m e r a te  th e  c o n c lu s ­
io n s  th a t  c an  be d ra w n  f r o m  t h i s  s tu d y . A lso  I w il l  l i s t  th e  
c o n t r ib u t io n s  to  know ledge  th a t  h a v e  b e en  g a in ed  and  in d ic a te  
w h e re  f u r t h e r  s tu d ie s  m a y  be  of v a lu e .
CONCLUSIONS
In th i s  t h e s i s  I h av e  a t te m p te d  to  s t r e s s  th e  im p o r ta n c e  of 
b lood  l o s s  to  th e  r e g u l a r  d ia ly s i s  p a t ie n t  and  to  d e m o n s t r a t e  th e  
s o u r c e s  and  th e  m a g n i tu d e  of su ch  l o s s e s  ( T a b le  II, page  30).
I h a v e  in d ic a te d  th a t  w h ile  s o m e  s o u r c e s  of b lood  l o s s ,  e. g. 
b lood  s a m p l in g  f o r  b io c h e m is t r y  and  r e s e a r c h  p r o j e c t s ,  can  
e a s i ly  be m in im i s e d  by th e  c l in ic ia n ,  o th e r s  e . g .  d i a l y s e r  
b lood  l o s s ,  m a y  be m o r e  d iff icu l t  to  m in im i s e .  T h e r e  a r e  tw o 
r e a s o n s  f o r  b lood  r e m a in in g  in a  d i a l y s e r  at th e  end  of a  d ia ly s i s .
(1) T he  m e c h a n ic a l  h o ld -u p  of a n t ic o a g u la te d  b lood  due to  
th e  n a t u r e  of th e  b lood  c o m p a r tm e n t .  T h i s  s o u r c e  can  
be m in im i s e d  by th e  d e v e lo p m e n t  of th e  m o s t  e f f ic ien t  
’w a s h - b a c k '  p r o c e d u r e  f o r  th a t  p a r t i c u l a r  d i a l y s e r .
(2) T h e  d e v e lo p m e n t  of th r o m b u s  upon th e  d ia ly s i s  m e m ­
b r a n e s .  T h e  t r a p p in g  of r e d  b lood  c e l l s  in t h i s  w ay  is  ' 
u n in f lu e n c e d  by e i t h e r  th e  n a tu r e  o r  th e  v o lu m e  of th e  
'w a s h - b a c k '  u s e d .
T h e  f a c t o r s  r e s p o n s ib le  f o r  t h i s  th r o m b u s  f o r m a t io n ,  w h ich  o c c u r s  
in sp i te  of a d e q u a te  h e p a r in i s a t io n ,  h av e  b e en  d e l in e a te d  a s  fo llow s
(1) R ole  of P l a t e l e t s
T he  o b s e r v a t io n s  m a d e  in d ic a te  th a t  p la te le t  r e t e n t io n  by  th e  
d ia ly s i s  m e m b r a n e  i s  an  im p o r ta n t  e a r l y  s te p  in  a  r e a c t io n  w hich
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m a y  p r o c e e d  to  t h r o m b u s  f o r m a t i o n .
(2) N a tu r e  of th e  d ia ly s i s  m e m b r a n e
D if f e re n t  d ia ly s i s  m e m b r a n e s  a p p e a r  to  a t t r a c t  d i f f e r e n t  n u m b e r s  
of p l a t e l e t s  and  t h e r e  i s  a  d i r e c t  r e la t io n s h ip  b e tw ee n  th e  d e g re e  of 
p la te le t  r e t e n t io n  and  th e  d e g re e  of th r o m b u s  fo r m a t io n  d u r in g  
d ia ly s i s .  A s  f a r  a s  th e  C u p ro p h a n  s e r i e s  of m e m b r a n e s  i s  c o n c e rn e d  
t h e r e  a p p e a r s  to  be a  d i r e c t  r e l a t io n s h ip  b e tw ee n  th e  t h i c k n e s s  of th e  
m e m b r a n e ,  i t s  p la te le t  r e t a in in g  p r o p e r t i e s ,  and  i t s  th r o m b o g e n ic i ty .
(3) C o n f ig u ra t io n  of th e  m e m b r a n e  s u r f a c e
P a p e r  8 i n d ic a te s  th a t  p la te le t  dep^osition, t o g e t h e r  w ith  r e d  and 
w hite  c e l l  d e p o s i t io n ,  i s  l ik e ly  to  be e n h an c e d  if  th e  m e m b r a n e  s u p p o r t  
s y s te m  c a u s e s  'h ig h  s p o ts '  o r  r id g e s .  It i s  s u g g e s te d  th a t  any  f a c to r  
le a d in g  to  p la t e l e t  r e t e n t io n  by  d ia ly s i s  m e m b r a n e s  m a y ,  th u s ,  e n h an ce  
th e  p r o b a b i l i ty  of t h r o m b u s  f o r m a t io n .
(4) O th e r  f a c t o r s  w h ich  h a v e  b e en  d i s c u s s e d  a r e  (a) th e  r o le  of a low  
blood  l i n e a r  v e lo c i ty  and  (b) th e  fo rm  of a n t ic o a g u la t io n  u s e d .
In th e  s u m m a r y  of C h a p t e r  3 (page 29 ) 1 in d ic a te d  th a t  bo th  th e  
c l in ic ia n  and  th e  m a n u f a c t u r e r  shou ld  g ive g r e a t e r  c o n s id e r a t io n  to  
b lood  l o s s e s .  1 am  now  a b le  to  add  th a t  th e  m a n u f a c t u r e r  m u s t  not 
on ly  p ro d u c e  d i a l y s e r s  w ith  a  n e g l ig ib le  r u p tu r e  r a t e  but th e y  sh o u ld  
be so  d e s ig n e d  a s  to  a l lo w  an e f f ic ie n t  'w a s h - b a c k '  u s in g  a m in im u m  
v o lu m e  of f lu id .  F u r t h e r m o r e  s p e c ia l  c o n s id e r a t io n  sh o u ld  be g iven  
to  th e  th ro m b o g e n ic  p r o p e r t i e s  of th e  m e m b r a n e s  and  o th e r  m a t e r i a l s  
in c o r p o r a t e d  in th e  a r t i f i c i a l  k idney .
D u r in g  th e  p r e - c l i n i c a l  e v a lu a t io n  of a new  d i a ly s i s  m e m b r a n e  
1 w ould r e c o m m e n d  th a t  th e  p la te le t  r e ta in in g  p r o p e r t i e s  of th i s  
m e m b r a n e  be e s t a b l i s h e d  u s in g  a m e m b r a n e  t e s t  c e l l  s y s te m  a s  th i s  
w ill  r a p id ly  g ive  an  in d ic a t io n  of i t s  p o te n t ia l  th ro m b o g e n ic i ty .
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F u r t h e r m o r e ,  th e  m a n u f a c t u r e r  sh o u ld  c o n s id e r  w ha t e f f e c t s  th e  
m e m b r a n e  s u p p o r t  s y s te m  w ill  h a v e  upon th e  m e m b r a n e  d u r in g  
d ia ly s i s .  T o  do th i s  s c a n n in g  e l e c t r o n m ic r o s e o p y  of th e  m e m b r a n e s  
fo llo w in g  d ia ly s i s  m a y  y ie ld  v a lu a b le  in fo r m a t io n .
T h e  G a m b r o - A lw a l l  d i a l y s e r  h a s  p ro v e d  to  be  an  id e a l  m o d e l  
to  s tu d y .  It so  h a p p e n e d  th a t  t h i s  d i a l y s e r  w as  c o n s t r u c t e d  to  have  
a low  b lo o d  l i n e a r  v e lo c i ty ,  a  c o m p l ic a te d  b lood  c o m p a r tm e n t  
m a n ifo ld in g  w h ich  m a d e  'w a s h - b a c k '  d if f icu l t ,  and  c o n ta in e d  
C u p ro p h a n  P T  32 5 m e m b r a n e s  (w hich w e re  th e  th i c k e s t  and m o s t  
th r o m b o g e n ic  a v a i la b le )  s u p p o r te d  by  a h e a v y  m o u ld e d  p o ly th en e  
s u p p o r t in g  s y s te m  w h ich  in d e n te d  th e  m e m b r a n e s ;  a l l  t h e s e  
f e a t u r e s  c o n t r ib u te d  to  a h ig h  b lood  l o s s .  1 b e l ie v e  th a t  th e  s tu d y  
of t h i s  d i a l y s e r  h a s  y ie ld e d  in f o r m a t io n  of i m p o r t a n c e  th a t  w ill  
h e lp  in th e  d e s ig n  of fu tu r e  a r t i f i c i a l  k id n e y s .  In d eed , th e  l e s s o n s  
l e a r n t  f r o m  th e  s tu d ie s  r e p o r t e d  in t h i s  t h e s i s  w e r e  c o n t r ib u to r y  
to  th e  d e s ig n  of th e  G a m b r o - L u n d ia  d i a l y s e r  w h ich  h a s  b e en  fu l ly  
e v a lu a te d  (L in d s a y  e t a l ,  1973) and  h a s  b e en  found to  be f r e e  f ro m  
th e  p r o b le m s  of a  h ig h  b lo o d  l o s s .
T h i s  ty p e  of s tu d y  h a s  b e e n  in  k e ep in g  w ith  th e  r e c o m m e n d a t io n s  
of th e  G o tch  r e p o r t  (1972) on th e  e v a lu a t io n  of d i a l y s e r s .
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C O N T R IB U TIO N S TO KNOW LEDGE
How th e s e  s tu d ie s  h a v e  c o n tr ib u te d ,  and  m a y  co n t in u e  to  
co n tr ib u te . ,  to  k now ledge  c a n  be l i s t e d  a s  fo l lo w s
1. W ith  r e g a r d  to  b lood  l o s s  s tu d ie s  :
(a) T he  te c h n iq u e  of b lood  l o s s  m e a s u r e m e n t  a s  u s e d  in
d i a l y s e r  e v a lu a t io n  w e r e ,  f o r  th e  f i r s t  t i m e ,  fu l ly  
e v a lu a te d  and  a  r e l a t i v e ly  s im p le  iso to p ic  te c h n iq u e  
h a s  b e e n  d e v e lo p e d ,
(b) K now ledge  of th e  s o u r c e s  of and , in s o m e  c a s e s ,  th e
m a g n i tu d e  of th e  b lood  l o s s e s  e x p e r i e n c e d  by th e  
r e g u l a r  d ia ly s i s  p a t ie n t  h a s  b e en  g a in ed .
(c) T h e  b lood  l o s s  c h a r a c t e r i s t i c s  of s o m e  in d iv id u a l  
d i a l y s e r s  h a s  b e en  defined .
2. W ith  r e g a r d  to  th e  o c c u r r e n c e  of t h r o m b u s  f o r m a t io n  on
d ia ly s i s  m e m b r a n e s  :
(a) T h e s e  s tu d ie s  w e re  th e  f i r s t  to  d e m o n s t r a t e  th a t  
p la te le t  r e te n t io n  by d ia ly s i s  m e m b r a n e s  i s  an  
im p o r ta n t  e a r l y  s ta g e  in th e  r e a c t io n  le a d in g  to  
t h r o m b u s  fo r m a t io n .
(b) T h e s e  s tu d ie s  w e r e  a l s o  th e  f i r s t  to  d o c u m e n t  th e  
c o m m o n ly  o b s e r v e d  p o s t - d i a l y s i s  fa l l  in  p la te le t  
count and  to  s u g g e s t  th e  i n t e r - r e l a t i o n s h i p s  
b e tw ee n  t h i s ,  t h r o m b u s  f o r m a t io n  w ith in  th e  
e x t r a c o r p o r e a l  c i r c u i t  of th e  a r t i f i c i a l  k id n ey , 
and  th e  l i n e a r  b lood  v e lo c i ty  th ro u g h  th e  
a r t i f i c i a l  k id n ey .
(c) A m e m b r a n e  t e s t  c e l l  s y s te m  h a s  b e en  d e v e lo p e d  w hich  
m a y  w e ll  be of v a lu e  in th e  e v a lu a t io n  of new  
d ia ly s i s  m e m b r a n e s  w ith  r e g a r d  to  t h e i r  p o te n t ia l  
th ro m b o g e n ic i ty .
(d) P a p e r  7 i s  th e  o n ly  p u b l is h e d  s tu d y  to  h a v e  
d e m o n s t r a t e d  th e  r e la t io n s h ip  b e tw ee n  th e  th ic k n e s s  
of C u p ro p h a n  m e m b r a n e s  and  t h e i r  th ro m b o g e n ic i ty .
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3. W ith  r e g a r d  to  th e  g e n e r a l  s tu d y  of th r o m b u s  f o r m a t io n  :
(a) A t e s t  c e l l  s y s te m  h a s  b e en  d e v is e d  w hich , 
in s o m e  r e s p e c t s ,  i s  m o r e  s e n s i t iv e  th a n  a 
g l a s s  b e a d  co lu m n  te c h n iq u e  in th e  m e a s u r e m e n t  
of p la te le t  a d h e s iv e n e s s .  T h i s  s y s te m  m a y  be of 
v a lu e  in  f u tu r e  s tu d ie s  not only  of p la t e l e t  
fu n c tio n  but a l s o  of p o te n t ia l  a n t i - p l a t e l e t  a g e n ts .
(b) T h e  e x t r a - c o r p o r e a l  c i r c u i t  of th e  G a m b ro -A lw a l l  
d i a l y s e r  p r o v id e s  a  m o d e l  f o r  th e  s tu d y  of i n t r a -  
v a s c u l a r  t h r o m b o s i s  and  i t s  t h e r a p e u t i c  in h ib i t io n .  
P a p e r  5 r e p o r t s  a  s tu d y  w hich  d e m o n s t r a t e s  th e  
r e d u c t io n  of t h r o m b u s  f o r m a t io n  by a n t i - p l a t e l e t  
a g e n ts  su g g e s t in g  th a t  su ch  a g e n ts  m a y  h av e  a p la c e  
in th e  p re v e n t io n  of c l in ic a l  t h r o m b o s i s .  It m a y  be 
th a t  su ch  an  e x t r a - c o r p o r e a l  c i r c u i t  w ill  be of 
v a lu e  in th e  s tu d y  of new  a g e n ts  w ith  an  a n t i ­
th r o m b o t ic  e f fe c t .
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A P P E N D I X
A D E S C R IP T IO N  O F  H A EM ODIALYSERS 
AND T H E IR  M EM BR A N ES
o u
A b r i e f  an d  v e r y  g e n e r a l  d e s c r i p t i o n  of h a e m o d i a l y s e r s  and  
t h e i r  m e m b r a n e s  i s  g iven  h e r e  f o r  th e  r e a d e r  who m a y  be  u n ­
f a m i l i a r  w i th  c l i n i c a l  d i a l y s i s .
C O I L  H A EM O D IA L Y SE RS
A co i l  h a e m o d i a l y s e r  c o n s i s t s  of a t u b u l a r  m e m b r a n e  and  a 
f l e x ib le  s u p p o r t  w r a p p e d  a r o u n d  a r i g i d  c y l i n d r i c a l  c o r e .  T h e  
co i l  m e m b r a n e  s u p p o r t s  a r e  c o n s t r u c t e d  of w oven  s c r e e n s  o r  
u nw oven  l a t t i c e s  of p l a s t i c .  D e s i g n  s i m p l i c i t y ,  low  s u p p o r t i n g  
m a t e r i a l  c o s t ,  and  f e a s i b l e  m e t h o d s  f o r  jo in in g  d r y  c e l l u l o s e  
m e m b r a n e s  to  b lood  c o n d u i t s  r e s u l t e d  in  t h e  co i l  d e s i g n s  b e c o m ­
ing t h e  f i r s t  p r e f a b r i c a t e d  h a e m o d i a l y s e r s .
E x a m p l e s  of co i l  h a e m o d i a l y s e r s  a r e  th e  T r a v e n o l  U l t r a  
F l o w  100 (fig.  4); t h e  Avon R 70 an d  the' E x t r a c o r p o r e a l  E X  03 
(fig.  5).
O v e r a l l  t h e y  a r e  u s u a l l y  no t  b i g g e r  t h a n  20 c m .  in  h e ig h t  
an d  15 c m .  in  d i a m e t e r  and  c o n ta in  t u b u l a r  d i a l y s i s  m e m b r a n e s  
p r o v id i n g  d i a l y s i s  s u r f a c e  a r e a s  of a p p r o x i m a t e l y  0 . 7  s q . m .  to  
1. 5 s q . m .  d e p en d in g  on th e  m a k e .  T o  be u s e d  t h e y  a r e  p l a c e d  
in s o m e  f o r m  of m a c h i n e  w h ich  d e l i v e r s  d i a l y s a t e  ( a  s u i t a b l e  
p r e p a r e d  e l e c t r o l y t e  so lu t ion )  t o  t h e  co i l  and  w a s h e s  t h i s  o v e r  
t h e  m e m b r a n e s .  In f i g . 6 an  E x t r a c o r p o r e a l  E X  03 co i l  i s  s e e n ,  
in s i tu ,  in  a T r a v e n o l  R. S . P .  ( R e c i r c u l a t i o n  Single  P a s s )  
m a c h i n e .
P A R A L L E L  F L O W  DIALYSERS
The  p a r a l l e l  f low h a e m o d i a l y s e r s  o f la t  p l a t e  d i a l y s e r s  a r e  
c o n s t r u c t e d  of tw o  d i a ly s in g  m e m b r a n e s  s a n d w ic h e d  b e tw e e n  tw o  
r i g i d  o r  s e m i r i g i d  s u p p o r t i n g  s u r f a c e s .  The  b lood  p a s s e s  b e tw e e n  
th e  tw o  d i a l y s i n g  m e m b r a n e s  w i th  d i a l y s a t e  d e l i v e r e d  f r o m  a 
m a c h i n e ,  f lowing  on t h e  o u t s id e  of th e  m e m b r a n e  in  a c o u n t e r -  
c u r r e n t  o r  c r o s s w i s e  d i r e c t i o n .  T h e s e  m o d u l e s  c a n  be  s t a c k e d
in m u l t i p l e  l a y e r s  t o  m a k e  a d i a l y s e r  with  v a r i a b l e  d i a ly s in g  
s u r f a c e  a r e a .  Most  p a r a l l e l  f low d i a l y s e r s  u s e d  f o r  r e g u l a r  
d i a l y s i s  t r e a t m e n t  h a v e  s u r f a c e  a r e a s  of about 1 s q . m .  T he  
m o s t  c o m m o n l y  u s e d  p a r a l l e l  f low d i a l y s e r  i s  th e  K i i l  w h ich  
i s  c o m p o s e d  of tw o  l a y e r s ,  and  i s  m a d e  of t h r e e  r i g i d  p o l y ­
p r o p y l e n e  b o a r d s  w i th  d i a ly s in g  m e m b r a n e s  l a id  b e tw ee n  
t h e m .  It i s  c u m b e r s o m e ,  th e  o u t s id e  m e a s u r e m e n t s  be in g  
a p p r o x i m a t e l y  110 x 33 x 12 c m .  and  it w e ig h s  about 30 Kg.
A Kii l  d i a l y s e r  i s  shown in fig.  7. In r e c e n t  y e a r s  s e v e r a l  
p r e s t e r i l i s e d  d i s p o s a b l e  p a r a l l e l  f low d i a l y s e r s  h a v e  b een  
a v a i l a b l e ,  t h e s e  in c lu d e  th e  Rhone  P o u le n c  (fig.  8) t h e  
G a m b r o - A l w a l l  ( f ig .9) and  the  G a m b r o - L u n d i a  (fig. 10).
T h e s e  a r e  m u c h  s m a l l e r  and  m o r e  conven ien t  to  h a n d le  th an  
th e  Ki i l ,  t h e  e x t e r n a l  d i m e n s i o n s  of th e  G a m b r o - L u n d i a  be ing  
67 X  8 X  9 c m .  an d  it's w e ig h t s  a  m e r e  2. 8 Kg. A G a m b r o -  
L u n d i a  d i a l y s e r ,  p r e p a r e d  f o r  d i a l y s i s ,  i s  s e e n  a t t a c h e d  to  
a T r a v e n o l  R. S. P .  M ac h in e  (which  wi l l  d e l i v e r  d i a l y s a t e  to  
th e  h a e m o d i a l y s e r )  in  f ig.  11.
HOLLOW  F I B R E  DIALYSIS
T h e  ho l low  f i b r e  o r  c a p i l l a r y  a r t i f i c i a l  k id n ey  i s  of nove l  
co n ce p t  and  d e s ig n  an d  i s  th e  r e s u l t  of n e a r l y  10 y e a r s  
r e s e a r c h  and  d e v e lo p m e n t .  In t h i s  d i a l y s e r  r e g e n e r a t e d  c e l l u l o s e  
t r i a c e t a t e  c a p i l l a r i e s  a r e  e x t r u d e d  and f u r t h e r  t r e a t e d .  T h e s e  
c a p i l l a r i e s  h a v e  an  in s i d e  d i a m e t e r  of a p p r o x i m a t e l y  200 ja  m .  
and  a wal l  t h i c k n e s s  of 25 yum. Som e  10, 000 su ch  c a p i l l a r i e s  
a r e  j a c k e t e d  in a p l a s t i c  c y l i n d e r  s o m e  18 c m .  in  l e n g th  and  
6 c m .  in d i a m e t e r  and  w e ig h in g  l e s s  th a n  1 Kg. B lood  f lows  
th r o u g h  t h e  c a p i l l a r i e s ,  w h ich  ac t  a s  d i a ly s in g  m e m b r a n e s ,  
wh i le  t h e i r  e x t e r n a l  s u r f a c e s  a r e  b a th e d  in d i a l y s a t e  flowing  
w i th in  th e  p l a s t i c  j a c k e t .  T h e  o v e r a l l  d i a l y s i s  m e m b r a n e  
s u r f a c e  a r e a  i s  j u s t  o v e r  1 s q . m .  A C o r d i s  Dow ho l lo w  f i b r e  
k id n ey  i s  shown in  fig 12.
T h e  c o m p a r i t i v e  s i z e s  of th e  v a r i o u s  t y p e s  of d i a l y s e r s  a r e  
shown in fig.  13.
DIALYSIS M EM BR A N ES
F i n a l l y ,  m e n t i o n  m u s t  be  m a d e  of th e  c o n v en t io n a l  d i a l y s i s  
m e m b r a n e s  which  a r e  i n s e r t e d  in  s h e e t  o r  t u b u l a r  f o r m  with in  
d i a l y s e r s .  T h e  m e m b r a n e s  m o s t  o f ten  u s e d  a r e  c e l l o p h a n e  
(c e l lu lo s e  r e g e n e r a t e d  by  th e  v i s c o s e  p r o c e s s )  o r  B e m b e r g  
C u p r o p h a n  ( c e l lu lo s e  r e g e n e r a t e d  by the  c u p r i c  a m m o n i u m  
p r o c e s s ) .  T h e  c e l l o p h a n e  m e m b r a n e s  have  an a v e r a g e  d r y  wall  
t h i c k n e s s  of about  20 - 30 yum w hi le  th e  C u p r o p h a n  m e m b r a n e s  
r a n g e  f r o m  1 3 - 2 5  yum. T he  B e m b e r g  s e r i e s  of m e m b r a n e s  
a r e  c a t a l o g u e d  by a  p r e f i x  P T  fo l low ed  by a n u m b e r :  P T  150 
be ing  th e  t h i n n e s t  m e m b r a n e  and  P T  325 the  t h i c k e s t  ( s e e  
P a p e r  7).
83
F I G U R E  4.
m
The  T r a v e n o l  U l t r a - F l o  100 C o i l .  The  co i l  i s  o b ta in e d  p r e s t e r i l i s e d  
and  it i s  d i s p o s a b l e .
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F I G U R E  5
T h e  R70 (left)  and  E x t r a c o r p o r e a l  EX  03 ( r igh t )  C o i l s .  T he  
c o i l s  a r e  p r e s t e r i l i s e d  and  d i s p o s a b l e .
F I G U R E  6
L
An E x t r a c o r p o r e a l  EX 03 C o i l  i s  in s i tu ,  in a T r a v e n o l  R. S. P .  m a c h i n e
F I G U R E  7
m
A Kiil  p a r a l l e l  flow d i a l y s e r ,
f i g u r e  8.
The Rhone-Poulenc Pf-esterilised disposable parallel flow dialyser.
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F I G U R E  9
T he  G a m b r o - A l w a l l  p r e s t e r i l i s e d  d i s p o s a b l e  d i a l y s e r .  T he  d i a l y s e r  
i s  opened  up to  show th e  m u l t i - l a y e r e d  p a r a l l e l  f low a r r a n g e m e n t .
F I G U R E  10
T h e  G a m b r o - L u n d i a  p r e s t e r i l i s e d  d i s p o s a b l e  p a r a l l e l  f low  d i a l y s e r ,
90
F I G U R E  11
T he  G a m b r o - L u n d i a  d i a l y s e r  r e a d y  fo r  u s e .  D i a l y s a t e  i s  ob ta ined  
f r o m  a T r a v e n o l  R. S. P .  m a c h i n e .
y 1
F I G U R E  12
T h e  C o r d i s  Dow Hollow F i b r e  K idney
92
F I G U R E  13
( Î D
-
i s
.%
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BLOOD L O S S  & T H RO M BU S FO R M A T IO N  
_________ DURING HAEM ODIALYSIS________
BY
R O B E R T  M cG R EG O R  LINDSAY. M . 3 . .  Ch. B.
SUMMARY
T h e  o b j e c t i v e s  of t h i s  t h e s i s  a r e  to  e m p h a s i s e  th e  
i m p o r t a n c e  of e x t r a n e o u s  blood lo s s  to the  p a t i e n t  r e c e i v i n g  
m a i n t e n a n c e  h a e m o d i a l y s i s ;  to d e m o n s t r a t e  t h e  s o u r c e  and  
m a g n i tu d e  of t h i s  blood lo s s ;  to define  t h e  b lood l o s s  c a u s e d  
by s o m e  c o m m o n ly  u s e d  h a e m o d i a l y s e r s ;  and  to e x p l o r e  the  
r e a s o n s  why b lood shou ld  r e m a i n  t r a p p e d  within  t h e m .
T h e  a n a e m i a  of c h r o n i c  r e n a l  f a i l u r e  i s  s e ld o m  
c o r r e c t e d  by r e g u l a r  d i a l y s i s  t r e a t m e n t  and m a y  be  a u g m e n t e d  
and  c o m p l i c a t e d  by th e  d e v e lo p m en t  of f o l i c  a c i d  d e f i c i e n c y ,  
i r o n  d e f i c i e n c y ,  and  c o n s i d e r a b l e  blood l o s s e s .  T h i s  a n a e m i a  
i s  u s u a l ly  a s s o c i a t e d  with  a n o r m o c h r o m i c ,  n o r m o c y t i c  blood 
f i lm  and  i s  b a s i c a l ly  due  to  a d e c r e a s e d  r a t e  of e r y t h r o p o i e s i s  
a s s o c i a t e d  with th e  i n c o m p l e t e  c o r r e c t i o n  of t h e . u r a e m i c  
s y n d r o m e  a f fo rd e d  by h a e m o d i a l y s i s .  A n d ro g e n  and  coba l t  
t h e r a p y  h a v e  been  a d v o c a te d  a s  a m e a n s  of i n c r e a s i n g  th e  
r a t e  of e r y t h r o p o i e s i s  but r e s u l t s  have  not b e en  u n i v e r s a l l y  
s a t i s f a c t o r y .  F o l i c  a c id  de f ic iency  i s  e a s i l y  d e a l t  with by o r a l  
s u p p l e m e n t s  but th e  a c h i e v e m e n t  of p r o p e r  i r o n  b a l a n c e  on 
r e g u l a r  d i a l y s i s  i s  a c o m p le x  p ro b le m  a s  th e  p a t i e n t s  ten d  to 
h a v e  a d e c r e a s e d  ab i l i ty  both to a b s o r b  o r a l  i r o n  and  to i n c o r p o r a t e  
i r o n  in to  e r y t h r o c y t e s . F u r t h e r m o r e ,  i r o n  l o s s e s  
a t t r i b u t a b l e  to v o lu m e s  of b lood los t  d u r in g  h a e m o d i a l y s i s ,  a r e  
h igh .  In p r e v i o u s  y e a r s  h aem o g lo b in  l e v e l s  w e r e  m a i n t a in e d  
by r e p e a t e d  blood t r a n s f u s i o n s  but th i s  p o l icy  i s  no lo n g e r  
a c c e p t a b l e  b e c a u s e  of th e  r i s k s  of h e p a t i t i s .  C o n s id e r i n g
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t h e s e  f a c t o r s  i t  i s  obv io u s  tha t  a t t e n t io n  m u s t  be  pa id  to 
s o u r c e s  of b lood l o s s .
T h e  s o u r c e s  of blood lo s s  d u r in g  h a e m o d i a l y s i s  
m a y  b e  e n u m e r a t e d  a s  fo llows: b lood l o s s  f r o m  th e
a r t e r i o v e n o u s  shunt  o r  f i s tu l a  du r ing  c o n n ec t io n  and 
d i s c o n n e c t i o n  of t h e  p a t i e n t  to  t h e  d i a l y s e r ;  b lood s a m p l e s  
t a k e n  fo r  in v e s t ig a t i o n s ;  blood lo s s  fo llowing d i a l y s e r  
r u p t u r e ;  t h e  r e s i d u a l  b lood v o lu m e  in  th e  d i a l y s e r  and  
i t s  b lood l i n e s  a f t e r  u se ;  and o th e r  c o - i n c i d e n t a l  l o s s e s  
s u ch  a s  m e n o r r h a g i a .  It  so o n  b e c a m e  a p p a r e n t  to t h e  
a u th o r  tha t  m uch  w as  unknown about  th e  d e g r e e  and  r e l a t i v e  
i m p o r t a n c e  of t h e s e  v a r i o u s  p o te n t i a l  s o u r c e s  of b lood l o s s .
A n  e a r l y  n e c e s s i t y  w as  to  e s t a b l i s h  a  m e th o d  fo r  m e a s u r i n g  
t h e  d i a l y s e r  b lood l o s s .  T h i s  was  deve loped  and  found to be  
h igh ly  a c c u r a t e .  Using th i s  m e th o d  t h e  m a g n i tu d e  of th e  b lood 
l o s s e s  f r o m  v a r i o u s  c o m m e r c i a l l y  a v a i l a b l e  d i a l y s e r s  and  
t h e i r  b lood l in e s  w as  e s t i m a t e d  a s  w e r e  th e  v o l u m e s  of blood 
lo s t  d u r in g  r o u t i n e  u s e  of th e  a r t e r i o v e n o u s  shun t  and  
f i s t u l a .  T h i s  d a ta  m a d e  i t  p o s s i b l e  to c o n s i d e r  th e  p r o b a b l e  
v o l u m e s  of blood tha t  a  p a t i e n t  und e rg o in g  t h r i c e  weekly  
h a e m o d i a l y s i s  would lo s e  p e r  a n n u m .  T h e  v o lu m e s  r a n g e d  
f r o m  3 to 8 l i t r e s  of b lood depend ing  upon th e  ty p e  of 
d i a l y s e r  u s e d .
S p e c i a l  c o n s i d e r a t i o n  w a s ,  t h e r e f o r e ,  g iven  
to  th e  r e a s o n s  why b lood  would r e m a i n  t r a p p e d  in  a 
d i a l y s e r  and not b e  r e t u r n e d  to th e  p a t i e n t .  Two f a c t o r s  
w e r e  found; f i r s t l y ,  the  m e c h a n ic a l  ho ld -up  of an ti  c o ag u la te d  
b lood due  to th e  d e s ig n  of the  blood c o m p a r t m e n t  and s e c o n d ly ,  
t h e  d e v e lo p m e n t  of t h r o m b u s  upon th e  d i a l y s i s  m e m b r a n e s .
T h e  f i r s t  s o u r c e  c an  be m i n i m i s e d  by th e  d e v e lo p m e n t  of 
e f f ic ien t  'w a s h - b a c k '  p r o c e d u r e s  but th e  t r a p p i n g  of r e d  blood 
c e l l s  by t h r o m b u s  i s  un in f lu en ced  by e i t h e r  th e  n a t u r e  o r  th e  
v o lu m e  of t h e  'w a s h - b a c k '  u s e d .  T h r o m b u s  f o r m a t i o n  upon 
d i a l y s i s  m e m b r a n e s  i s  th e  f a c t o r  which d i f f e r e n t i a t e s  d i a l y s e r s  
with  h igh b lood l o s s e s  f r o m  t h o s e  with a c c e p t a b l e  l o s s e s .
T h e  f a c t o r s  r e s p o n s i b l e  fo r  t h i s  t h r o m b u s  
f o r m a t i o n ,  which o c c u r s  in  s p i t e  of a d e q u a t e  h e p a r i n i s a t i o n ,  
h a v e  b een  d e l i n e a t e d ,  A s tudy  of th e  c h a n g e s  in  h a e m o s t a t i c  
f a c t o r s  o c c u r r i n g  in  the  blood of p a t i e n t s  u n d e ro in g  
h a e m o d i a l y s i s  s u g g e s t e d  tha t  p l a t e l e t  r e t e n t i o n  by d i a l y s i s  
m e m b r a n e s  i s  an  i m p o r t a n t  e a r l y  s t ep  in  a  r e a c t i o n  which 
m a y  p r o c e e d  to  t h r o m b u s  f o r m a t i o n .  T h i s  h y p o th e s i s  i s  
s u p p o r t e d  by a s u b se q u e n t  i n v e s t ig a t i o n  in  which i t  w as  
sh o w n  tha t  t h e  inh ib i t ion  of p l a t e l e t  func t ion  by a s p i r i n  
and  a d i p y r i d a m o l e  com pound  w as  a s s o c i a t e d  with a 
r e d u c t i o n  in  t h e  n u n i b e r s  of p l a t e l e t s  r e t a i n e d  by d i a l y s i s  
m e m b r a n e s  and in  t h e  am oun t  of t h r o m b u s  f o r m e d  on  th e  
m e m b r a n e s .
T h e  n a t u r e  of th e  p l a t e l e t - d i a l y s i s  m e m b r a n e  
i n t e r a c t i o n  h a s  b een  p a r t l y  s tu d i e d .  Using  a new m e m b r a n e  
t e s t  c e l l  s y s t e m  it  w a s  conc luded  tha t  th e  p l a t e l e t  h a s  an  
• in t r ins ic*  ab i l i ty  to a d h e r e  to c e l l u lo s e d  b a s e d  d i a l y s i s  
m e m b r a n e s .  T h i s  p r o p e r t y  i s  dependen t  upon th e  p r e s e n c e  
of a d e n o s i n e  d ip h o s p h a te ,  p o s s ib ly  r e l e a s e d  f r o m  t h e  p l a t e l e t s  
t h e m s e l v e s  and f r o m  r e d  blood c e l l s ,  and  upon d iva len t  
c a t i o n s .  T h e  m e m b r a n e  t e s t  c e l l  s y s t e m  m a y  h a v e  an 
a d d i t io n a l  r o l e  in  tha t  i t  w a s  c o n s i d e r e d  to be  m o r e  s e n s i t i v e  
th a n  a g l a s s  b ead  c o lu m n  te c h n iq u e  a s  a  t e s t  f o r  p l a t e l e t  
a d h e s i v e n e s s .  T h e  n a t u r e  of th e  d i a l y s i s  m e m b r a n e  i t s e l f  
will  i n f l u e n c e  th e  i n t e r a c t i o n  fo r  d i f f e r en t  d i a l y s i s  m e m b r a n e s  
a p p e a r  to  a t t r a c t  d i f f e r e n t  n u m b e r s  of p l a t e l e t s .  A s  f a r  a s  
t h e  C u p ro p h a n  ( J . P .  B e m b e r g ,  W u p p e r ta l ,  W es t  G e r m a n y )  
s e r i e s  of m e m b r a n e s  i s  c o n c e r n e d  i t  w as  found tha t  t h e r e  was  
a  d i r e c t  r e l a t i o n s h i p  be tw een  th e  t h i c k n e s s  of t h e  m e m b r a n e ,  
i t s  p l a t e l e t  r e t a i n i n g  p r o p e r t i e s ,  and i t s  t h r o m b o g e n i c i t y . 
F i n a l l y ,  a  s tudy  of t h e  r o l e  of th e  c o n f ig u ra t io n  of t h e  m e m b r a n e  
s u r f a c e  on t h r o m b u s  f o r m a t i o n  in d i c a te d  tha t  p l a t e l e t  d e p o s i t io n  
w a s  en h an c e d  if  t h e  m e m b r a n e  s u p p o r t  s y s t e m  c a u s e s  'h igh 
s p o t s '  o r  r i d g e s  and th u s  m igh t  i n c r e a s e  th e  p r o b a b i l i t y  of 
t h r o m b u s  f o r m a t i o n .
T h e  i n f o r m a t i o n  ob ta ined  f r o m  th i s  s tudy  e n a b le s  
c e r t a i n  r e c o m m e n d a t i o n s  to be  m a d e  to both th e  c l i n i c i a n  
and  to  t h e  m a n u f a c t u r e r  r e g a r d i n g  th e  m i n i m i s a t i o n  of b lood 
l o s s  d u r i n g  h a e m o d i a l y s i s .  T h e  c l i n i c i a n  sh o u ld  l im i t  h i s  
i n v e s t i g a t i o n s ;  t a k e  s c r u p u l o u s  c a r e  with th e  u s e  of s h u n t s  
and  f i s tu la e ;  c a r r y  out t h o ro u g h  p r e - d i a l y s i s  p r e s s u r e  
t e s t i n g  to  e l i m i n a t e  r u p t u r e s  d u r in g  d ia ly s i s ;  and  d eve lop  
t h e  o p t im u m  w a s h - b a c k  te c h n iq u e  f o r  the  d i a l y s t e r  h e  i s  
u s i n g .  T h e  m a n u f a c t u r e r  m u s t  d e s ig n  th e  m an i fo ld in g  of 
t h e  d i a l y s e r  so  a s  to  a l low  a n  e f f ic ien t w a s h - b a c k  with th e  
m i n i m u m  v o lu m e  of f lu id  a n d ,  in  th e  c a s e  of d i s p o s a b l e  
d i a l y s e r s ,  they  shou ld  h a v e  the  low es t  p o s s i b l e  b u r s t  
r a t e .  F u r t h e r m o r e ,  he  m u s t  g ive  s p e c i a l  c o n s i d e r a t i o n  
to  t h e  t h r o m b o g e n i c  p r o p e r t i e s  of th e  m e m b r a n e s  and  o th e r  
m a t e r i a l s  i n c o r p o r a t e d  i n  t h e  a r t i f i c i a l  k id n ey .
A C K N O W L E D G E M E N T S
T h i s  t h e s i s  i s  p r e s e n t e d  a s  a  s e r i e s  of p a p e r s  
which  h a v e  a l l  b een  p u b l i s h e d .  T hese  a r e  the  w ork  of 
s e v e r a l  p e o p l e .  In  th e  t e x t  e ach  p a p e r  i s  p r e c e d e d  by 
a  s t a t e m e n t  in d i c a t in g  in  d e ta i l  m y  p e r s o n a l  c o n t r i b u t i o n .
I c a n  a f f i r m  th a t  in  a l l  s t u d i e s  I h a v e  p la y ed  th e  m a j o r  
p a r t  and  th a t  a l l  t h e  p a p e r s  w e r e  w r i t t e n  by m e .
T h e  w ork  fo r  t h i s  t h e s i s  w as  m a in ly  c a r r i e d  
out i n  th e  R e n a l  Unit and  in  th e  C oagu la t ion  L a b o r a t o r y  
( U n iv e r s i t y  D e p a r t m e n t  of M edic ine)  of th e  R oya l  I n f i r m a r y ,  
G la sg o w .  S o m e  w ork  w a s  a l s o  co n d u c ted  in  t h e  Bio 
E n g i n e e r in g  D e p a r t m e n t  U n iv e r s i t y  of S t r a t h c l y d e ,  in  
t h e  D e p a r t m e n t  of H aem a to lo g y  Royal I n f i r m a r y  
G la sg o w ,  and  in  con ju n c t io n  with t h e  S c o t t i s h  R e s e a r c h  
R e a c t o r  C e n t r e  E a s t  K i l b r i d e .  My c o l l a b o r a t o r s  
i n  t h e s e  a r e a s  a r e  l i s t e d  below:
R e n a l  Unit .  R oya l  I n f i r m a r y ,  G lasgow
P r o f e s s o r  A .  C, K ennedy ,  D r  s .  J . A .  B u r to n ,
H.  J .  D a r g i e  and  N. E d w a r d s  (now of 
F o r e s t e r h i  11 H o sp i t a l ,  A b e r d e e n ) .
C o ag u la t io n  L a b o r a t o r y .  U n iv e r s i t y  D e p a r t m e n t  of M e d ic in e .  
Royal  I n f i r m a r y ,  G la sg o w .
D r s .  G . P .  M cN ico l  (now P r o f e s s o r  M c N ic o l ,  
U n iv e r s i t y  of L e e d s )
C . R . M .  P r e n t i c e  and  M r .  D. F e r g u s o n .  
D e p a r t m e n t  of H a e m a to lo g y ,  Royal I n f i r m a r y ,  G la sg o w .
D r .  J . F .  D a v id so n .
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G lasgow  Royal Infijçmary *
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R e g is tr a r  in M ed icin e ,
P r o f e s s o r  E . M .  M cG irr ,
U n iversity  D epartm ent of M ed ic ine ,  
G lasgow  Royal Infirmary*
A ugust, 1968 -  
D e c e m b e r ,  1970  
( in clusive)
R e se a rc h  F e llo w  (U n ivers ity  of G lasgow ),  
P r o f e s s o r  E . M.  M cG irr ,
U n iversity  D epartm ent of M ed icin e ,  
G lasgow  Royal In firm ary .
January, 1971 -  
O ctober , 1971 
( in clusive)
S e n io r  R e g is tra r  in  M ed ic in e ,  
P r o f e s s o r  E . M.  M cG irr ,
U n iversity  Departm ent of M ed ic in e ,  
G lasgow  Royal In firm a ry .
N ovem b er, 1971 -  
January, 1973 
( in clusive)
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